- 1#° .+ DIAMOND WAFER, METHCD OF ESTI NATI NG A DI AMOND WAFER ANWW?Z -4
DI AMOND SURFACE ACOUSTI C WAVE DEVICE = ‘s m{ ]
DESCRI PTI ON This invention rel ates generally to a di anond Wa er%’
énd a 'surface acoustic wave (SAW device produced on the dianond wafer.

This invention relates nore speciall y to a nethod of estimating di armnd

waf ers whi ch judges L a wafer is suitable for roduci SAW
devi ces or not. The Dﬁgﬁﬁﬁ!}w&% -mm@%ﬂgrﬁsmeﬁaPm
DIAMOND SURFACE ACOUSTIC WAVE DEVICE

DESCRIPTION

This invention relates generally to a diamond wafer and a surface acoustic wave
- 6 (SAW) device produced on the diamond wafer. This invention relates more specially to a
method of estimating diamond wafers which judges whether a diamond wafer is suitable for
producing SAW devices or not. The estimation selects diemond wafers that have a low
density of surface defects which enables manufacturers to produce a low loss SAW device,
The diamond wafers can also be used as the substrates of microelectronic devices with

10  microscopic wiring or the substrates of micromachines with microscopic structures.

Diamond enjoys the highest sound velocity among all the natural materials, The

hardness is also the highest. The thermal cond;xctiviti} is large. The band gap of diamond
is 5.5V which is an extremely high value among all known materials. Diamond is excellent
in dynamicsl property, electrical property and electronic property.'. Diamond is used for
15  dynamic devices and electronic devices that can take advantage of its excellent properties.
Improvements have been made by taking advantage of the outstanding properties of diamond
i in the technical fields of acoustics, optics and seiniconducton Exploitation of diamoad wi=ll
e effective for improving various properties of electronic, acoustic devices or for enlarging
margins of operation of the devices. |
20 A surface acoustic wave device (SAW device) is 2 good candidate for the use of
diamond for improving its characteristics. Surface acoustic wave .devices can be configured to
be, for example, 2 radio frequency filter, 2 phase shifter, a convolver, an amplifier, etc, The
SAW filter acts as an IF (intetmediite frequency) filter of television sets or various filters of

communication devices. A surface acoustic wave device is 2 device having a rigid base, a
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density of surface defects which enabl es manufacturers to produce a | ow
loss SAWdevice. The dianmond wafers can agso be used as the substrates of
m croel ectronic devices with microscopic wiring or the substrates of

m cromachi nes with m croscopi c structures. ~ Dianond enjoys the

hi ghest sound velocity anong all the natural materials. The hardness is
al so the highest. The thermal conductivity is |large. The band gap of

diamond is 5pheVelsbtte r1'1ll'nsstti’dl: ®thé ?iﬁgi YasB! 288 lﬂt@}dl%tﬁmghﬂ%lls 58 on both enls, of

materials. Dianond is exce ent ynam cal property, ectrical proper

oactron ¢ dodbiERfldic Bt a‘&&“cés%'ﬁ?gaﬂeﬂé% vq‘ifagg‘sgzgaﬁ 1%?{5@8?%5@?%5 causes an
k t t out st andi n

oot 1 es. of By SieBRE B O Y pletiipdd HAnHASA dbhork o fressriorpia e elawrc field

sem conduct or oi tation of dianond will be effective for inproving
vari ous prope |SE‘}°S§L ¢legific fieldopsclatese thepiezoelsstricdilm glternasivelsnexpandnand contracts in
mar gi ns of operation of the devices. . A surface acoustic wave

devi ce ( SAW déhs kasizontel direptiod betwetndwodnterdigitah eransiucer at the same frequency as the AC
5 voltage:

The piezoelectric film oscillates in the horizontal direction with the frequency of the
AC signal. Since the piezoelectric film adheres to the rigid base, the rigid base also
oscillates at the same frequency in the same manner.  Since the rigid base repeats expansion

10 and contraction at the interdigital transducer (IDT), the oscillation propagates as a

longitudinal elastic wave on the surface. Thé AC voltage applied on the interdigital

transducer generates an elastic wave. The wavelength is determined by the period of the

interdigital transducer. The elastic wave spreads from one interdigital transducer to the other

interdigital transducef. The piezoelectricity is reversible. At the receiving interdigital

15  transducer, the deformation oscillation induces an AC voltage between the components of the

electrode. As a whole, the AC éignal propagates ﬁ'om one interdigital transducer to the other

'  interdigital transducer by the elastic wave. The wave is c;a,lled surface acoustic wave (SAW),
because it propagates on the surface of the device.

The period of the interdigital transducer uniquely determines the wavelength 1 of

20  the surface acoustic wave. The rigidity and density of the rigid base determine the velocity v

of the SAW. The more rigid and lighter base brings about the higher SAW velocity. SAW

velocity v is different from sound velocity which is equal to a square root of Young's modulus

E divided by density o. As with sound velocity, the SAW'veloéity is higher for the rigid

base of higher Young's modulus and ]owér density. A sound wave is an elastic wave passing

:5  through an inner portion of a material. SAW is another elastic wave propagating only on the
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di anohd for inproving its characteristics. Surface acoustic wave devices
can be configured to be, for exanple, a radio frequency filter, a phase
shifter, a convolver, an amplifier, et'c. The SAWfilter acts as an IF
(internediate frequency) filter of television sets orvarious filters of
comuni cati on devices. A surface acoustic wave device i.s a device having a
rigid base, a - 2 -

pi ezoel ectric Jrfde&bﬁﬂé%t&ﬁalt he AW diffbrPRom RNAd wat/@r d$ AW velodit tyéw S8 §6ﬁra higher
formed on bot% ends of the piezoelectric film Application o

vol tage on th \% transducer causes an AC electric field on the
pi ezoel ectri cﬂ'fﬂhp&ﬁ{ eﬂ%?Etgeforms I n proportion to the electric field.

Since the wavelength 1 and the velocity v have been predetermined by the

interdigital transducer and the pﬁysical property of the rigid base, the frequency f is also

5 surely determined as f=v/A. This is a unique value. Since f'is a unique value, it is denoted

by f;. Namely, the SAW device has a filtering function which selectively allows only the

SAW of f, to pass the devicee ~SAWs of frequency different from f; attenuate.

Transmittable SAW has a definite frequency f, which is determined by the material of the

' rigid base and the spatial period of the interdigital transducers. SAW devices have been

| 10  applied to TV filters having a low allowable frequency of several megahertzs to tens of

megahertzs. Hopefully, SAW devices will be applied to far higher frequency ﬁlters,. for
instance, optical communication filters of 2.488GHz or wireless LAN filters in near future.

Raising frequency f, requires either narrowing a spatial period of interdigital

transducers or increasing a SAW velocity v. The spatial period of interdigital transducers is

15  limited by the current lithography technology. The only way is the increase of velocity v.
Diamond, as a rigid base, exhibits the highest SAW velocity among all natural materials.
The application of diamond to SAW devices attracts attention. Diamond endows fhe SAW
devices with the highest velocity which affords a moderately wide spatial period to the
interdigital transducers.

20 High velocity is not the only requisites for a material used for SAW devices. Low
propagation loss is another important requirement for SAW materials. Loss is a key concept
of the present invention. There are different losses in addition to the propagation loss.
Losses are now briefly clarified. One is the Joule loss AEr by the resistance of the
interdigital transducers to which electric power is supplied. Another is an electromechanical

! 25  conversion loss A Ec of energy accompanying the expansion and contraction of the
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Since the electric field oscillates, the piezoelectric filmalternatively
expands and contracts in the horizontal direction between two interdigital
transducers at the same frequency as the AC voltage. The

pi ezoel ectric filmoscillates in the horizontal direction with the
frequency of the AC signal. Since the piezoelectric filmadheres to the
rigid base, the rigid base also oscillates at the sane frequency in the

sane manner. bib%f'eg{rﬁemﬁﬂ(elﬂg%)}b ARCACCHEAHS MRIP2MHeABss déPendLBh HRCEEQPorfdchhrlSal

i nterdigital Transducer the oscillation propagates as a

nterdigi tal SEReh AEPe e lipel B C T el HRAREI0RR, i electic
Spr cads 1 rom BT IROGPeT IRl Dowss Becisdy e $ieeneleari i i 4 gpigrbay of diRtHon

transducer. The piezoelectricity is reversible. At the receiving |,
interdigital The snfieeaspusticruaves Peepagatedn bosk idireetions perpsadicular so thecstiipes afthe

bet ween the conponents of the electrode. As a whole, the AC signal

pr opagat e$ f rioterdigitali nansdutiegs. t dustt haifhefitheemechanichlepowérespreads toward the counterpart
E interdig_ital transducer. Another half (6dB) is a loss. This is called a bisection loss AEDb.
Now a SAW starts from one interdigital transducer and some of the SAW arrives at the other
interdigital transducer. The difference between the starting SAW power and arriving SAW
power is the propagation loss AEp. The aim of the present invention is a reduction of the
10 propagation loss AEp. At the other interdigital transducer, the piezoelectric film converts
{ the mecha_nical power of SAW into electric power ?f AC voltage with a conversion loss_ AEc.

| The current flows in the receiving interdigital transducer with a resistance loss AEr.
Total loss is a sum, 2AEr+2 AEc+AEb+AEp, of the resistance loss 2 AEr, the
conversion loss 2 AEc, the bisection loss AEb a_nd the propagation loss AEp. AEr is
, - 15 contingent upon interdigital transducers. AEc is ruled by the piezoelectric m_aterial.
' Geometry decides AEb. Only the propagation loss AEp depends upon the insulating

material (rigid base). This invention aims at alleviating AEp. |

The insulator which has been most widely used as the material of the rigid base is
" glass. - Glass is an inexpensive and low-loss insulator. ZnO/glass SAW filters have been
20  popularly empldyed as TV intermediate frequency filters. Zinc oxide (ZnO) is a
piezoelectric material. ZnO/glass means a SAW filter having a glass substrate and a ZnO
film deposited on the glass. In spite of low-loss and low-cost, glass SAW devices cannot
raise operation frequency f, owing to the low SAW velocity v. Somebédy has proposed new

SAW devices having a harder rigid base than glass, for example, sapphire, quartz, LINbO, and

'5 " so on. These new materials give higher SAW velocity than glass owing to high Young's

4
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interdigital transducer by the elastic wave. The wave is called surface
acaustic wave (SAW, because it propagates on the surface of the device.
The period of the interdigital transducer uniquely detern nes the

wavel engt h [err] of t he surface acoustic wave. The rigidity and density

of the rigid'base deternmne the velocity v. of the SAW The nore rigid and

| i ghter base brings about the higher SAWvelocity. SAW velocity v is
different from s®@fdeuyc Bewever, she SAW: elasiticalof tsapphire $ANY devices; quirtzYBAWlesices or
nmodul us E divided by density [err]. As with sound velocity, the SAW
velocity is hi ghbMQarSAWdevwe;lacb stillbmsatistictany fdnd:tgh\faqmcy filtlerdu | Dianwund id thentost
density. A sound wave is an el astic wave passing t hrough an inner portion
of a material. Sphmisingcandidete vehichgives theehighast SAWoRldchy dasdothoextiehm rigidity.

Diamond SAW devices enable the current lithography technology to pattern

5  interdigital transducers for a frequency higher than 1GHz owing to the high SAW velocity v.
——>  However, the propagation loss AEp is still large in diamond SAW devices. The large

propagation loss AEp leave;s diamond SAW devices impractical. It is difficult to make a

wide, flat, even, smooth and defect-free diamond film covering the whole of the device due to

the extreme rigidity of diamond. It is further difficult to make a flat piezoelectric film on the

10  defect-rich diamond film. Even if the piezoelectric film is produced, it is still a piezoelectric
film of poor quality. Many defects on the diamond surface an_d the shortness of ths SAW
wavelength raise the propagation loss AEp and leave diamond SAW devices inoperative. .

Since the frequency f is very high, the'wavele':ngth A ==v/f. is reduced to a similar
size to' the micro-cavities and micro-convexities. Acoustic phonons building the surface

13 acoustics wave are scattered by the micro-defects, because phonons are mostly perturbed by
the objects of the same size as the wavelength. Besides the high propagation loss AEp, the
defects-rich diamond film decreases the .yield of SAW devices by raising the rate of electrade-

- pattern cutting. Micro-defects prevent diamond SAW devices from growing to practical
SAW devices through the large propagation loss AEp and the low yield. Here “yield"

20  means a ratio of the number of good products to the number bf all products.

One purpose of the present invention is to produce diamond SAW devices havi.ng
low propagation loss.  Another purpose of the present invention 15 to enhance the yield of the
diamogd SAW devices. In addition to SAW deviées, this invention can be applied to raising
the yield of the production of microelectronic devices or micromachines making use of small

25  wire patterns with e breadth less than 5.0 u m through reducing the rate of the wiring pattern
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ILS,. in general, higher than sound velocity.

3 - surface of the material. SAWdiffers from sound wave. SAWvel ocity

Si nce the wavel ength

[err] and the velocity v have been predeternined by the interdigital _
transducer and the physical property of the rigid base, the frequency f is

al so

surely determined as f = v/ [err]. This is a unique value. Since f is

a unique value, it is denoted by f[err]. Nanely, the SAWdevice has a
filtering fun%&ﬁg whi ch selectively allows only the SAW of f[err] to
pass the device.” = SAW of frequency different from f[err] attenuate.

T ittable SAWh finite fr al whi ch i s det er i ned
e mater i al of t ho FIBRGTBER TERHIe NAVE SUEPIo TS &1L PeEPRBRTF i The

the nmateri al
transducers.

SAW devj ces _have been applied to TV filters having. a | ow

al | ownabl e fredndereqating sliamend filsgarmust zbe t fat, esmooth and defect-free for producing

- 10

15

20

25

(Diamond)/(piezoelectric material) SAW devices. For this purpose, a simple and reliable
estimation technique of diamond films is indispensable besides fabrication of good diamond
films. This invention proposes also a methdd for easily estimating diamond films.
Diamond ﬁlmé have been examined by observing micro-defects, micro-concavities
or micro-convexities by scanning electron microscopes or atomic force microscopes.
@ R. Gahlin, A. Alahelisten, S. Jacobson, "The effects of compressive stresses on the
abrasion of diamond coatings",. Wear 196 (1996) 226-233
@ S.K. Choi, D. Y. Jung, S.Y. Kweon, S. K .'Tung,,"Surface characterization of diamond
films polished by thermomechanical polishing method", Thin Solid Films 279 (1996) 110-114
Microscope estimation is a straight and reliable rﬁethod, since diamond surface is
directly observed by a microscope. However, the field of vision is too narrow. .The

observation field is, e.g., about 10 mX10um for a scanning electron microscope. In

- general, a SAW device has a size of about 100 . mX 100z m to 20000 1z m X20000 z m.

The area of 2 SAW device is far broader than the field of vision of microscopes. It would
take very much time lto observe the whole surface of a SAW device by microscopes.
Microscope observation cannot be applied to the examination of diamond surfaces in the
process of producing diamond SAW devi_ces.
Namely, there is no estimation method available for examining diamond surface on an
industrial scale.
Producing diamond SAW devices requires a comprehensive estimation method of
examining the entier diamond surface at a stretch. If the diamond film can be easily

examined, one can judge whether a piezoelectric film should be deposited on it or not. If the
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megahertzs. Hopefully, SAWdevices will be applied to far higher frequency
filters, for instance, optical comunication filters of 2.488GHz or
wireless LAN filters in near future. Rai si ng frequency f[err]
requires either narrowing a spatial period of interdigital transducers or
I ncreasing a SAWvelocity v. The spatial period of interdigital transducers

Is limted by the current |ithography technol ogy. The onIy way is the -
i ncrease of vehigtadd/fitn &1 Rotld W Skith b
Vel ocity among @il is PAETRG e shogiiche aiaiAGued Witk Bt GalE ninet PRqevothe

G TR T LU T T e

i'nterdigital transd cer h velocity is not the only
requi sites forp"%PeﬁtXt givesas@éeqsapfsﬁmgmflb‘ Low propagation loss is

anot her i nportant uirenent for SAWnmterials, Loss is a key caoncept of
the present i nventl e Investers of thedireseat iventionsisied to mtilizrn iausernsoammgméurface defect
propagati on | oss. Losses are now briefly clarified. One is the Joule

| oss [err]SEr detectioreappasatys fonsidicol wakiers to examine diamond films of SAW devices. Diamond
is different from silicon in many physical properties. A laser scanning surface defect
detection apparatus for silicon wafers cannot be readily used for estimating a diamond. -
Indeed, a laser scanning surface defect detection apparatus has never been used to examine
diamond films. Fig.4 shows a schematic view of the laser scanning surface defect detection
10  apparatus.

The apparatus has an integral sphere, a laser, a lens and a photomultiplier. The
inner wall of the integral sphere is a mirror. The integral sphere has an opening at the
bottom. The semiconductor laser (L) is mounted at a niche on a side of the integral sphere
for emitting an inspecting light beam slantingly down. The semiconductor laser can be

15 repladed by a gas laser, e.g. a He-Ne laser. The integral sphere has an' outlet (U) on the other |

side for taking out a reflected beam. The inspection comprises the steps of mounting an

! object wafer on a stage, bringing the bottom opening of the integral sphere close to the wafer
(KTW), irradiating a point (T) on the surface of the wafer by the laser beam (LT), and
measuring the power of the reﬂécted light (S). The incident beam angle is equal to the

20  refection angle. The laser (L) and the outlet (U) are determined to be symmetric in the

integral sphere. Then, ZLTK=ZUTW. If the surface is flat, all the reflected beams go

out through the side opening (U). The photomultiplier detects no light. When a defect or a
piece of dust lies on the object point (T), a portion of the laser beams is scattered by the defect
or dust. The scattering beams impinge upon other parts of the wall of the integral sphere.

_25 The photomultiplier senses the scattered beams. Fig. 13 shows a bit of dust lying on the
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i nt er di gital transducers to which electric power is supplied. Another is an

el ect ronechani cal conversion loss [err] Ec of energy acconpanying the
expansi on and contraction of the
- 4 - piezoelectric material by the AC electric field. The | oss depends on

the el ectronechani cal coefficient of the piezoelectric film The
Interdigital transducer which converts electric power into nechani cal

power through ﬁxj?fc R fOFALRE ! rI’aé;all‘el 1a§3b Emg‘iresﬁh@&ﬁ Iyrefl¥ctéd b aﬂtﬂe%’éﬂ 1ﬂ@he dxi'_ééﬁons

surface acousfrc Haves propaga rectiond perpendi cul ar to

:H ng: ? ];Wta?gi, Fhét St ungéﬁ ?({ Q&rﬁ%sd&'ocgortsexlt t ougfl1 ?he ouocfet wfbmﬁ{ﬁmeﬁlon%mﬁer
wall of the integrated sphere and are reflected to the photomultiplier. The photomultiplier
measures the scattering light with high sensitivity. The photomultiplier detects the existence

5  of a dust at the sampling point (T) by an increase of its photocurrent. The bigger the dust is,
the stronger the scattering light becomes. The reflected light power is in proportion to the
size of the dust. It is easy to understand the scattering of light by dust. However, the
photomultiplier can also detect geometrical surface defects. -Fig.14 shows a notch, a surface
defect, on the surface of the silicon wafer. Silicon has a high refractive index (n=3.5) and

10  high absorption for the visible light emitted from the laser. The complex refractive index
ntjk of silicon has a large real part n and a large i'maginary part k for the visible light. Laser
light is strongly reflected at the interface between air and silicon. The notch (M) scatters the
beam in other directions (MH) than that of the outlet (U) The scattered beams are again
reflected by the inner wall of the integral sphere and arrive at the photomultiplier for

15 generating a photocurrent. The existence of dust or a defect on the object point of the silicon
wafer can easily be detected by the random scattering of light beams.

 Since a Si wafer is a wide disc, defects and dus’é of all the portions are inspected by
moving the stage in the two-dimensional XY-plane with regard to the integral sphere. There
are two modes of movement of the stage. One is an assembly of rotation and parallel

20 displacement of the shaft. The sampling point (T) moves in a spiral. This mode is called a

| spiral mode. The other is an _assérﬁbly of x;direction displacement and y-direction

: displacement of the wafer. This is called a scanning mode. The overall movement enables

the apparatus to detect dust or defects on the whole surface of the silicon wafer.

In the silicon semiconductor industry it is well known to use a laser scanning surface

25 defect detection apparatus. It takes only a short time to examine a pretty wide silicon wafer
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interdigital transducer. Another half (6dB) is a loss. This is called a

bi section loss [err]Eb. Now a SAWstarts fromone interdigital transducer
and some of the SAWarrives at the other interdigital transducer. The

di fference between the starting SAWpower and arriving SAW power is the
propagation loss [err]Ep. The aimof the present invention is a reduction
of the propagation loss [err]Ep. At the other interdigital transducer, the

pi ezoel ectri Cb?i 1H® 138 Stcaring NArfaBs Nifdct aletb@ivar gp;saré‘cﬁwi nlike! bdervation by a
power of AC voltage with a conversion loss [err] Ec. The current flows in

t he receiving . i.gid al, ducer. resiist.a Jere]
Total loss is dégllsogé#le’z f%?r?%?e#@] E‘gg%%gr?gbﬁﬁgﬁé] E{)%éo?ﬁ ?sﬁ{ge r0 gsﬁ?c}isng (5 dust _
| oss 2[err] Er, t .conversion.J oss 2[err] EC he, bi section | oss .
the. propagat | SHHGEEERL A s Wide ohes. CHAMFYSCHE Stn P B T afigs, detect Wrection
transducers. err]Ec is yuleq, by the piezoe]ectric terial. Ceonetry
deci des [err] eﬁvar@-w 93@9&%%8%%&%9 emgle[tfw eegﬁéweg upon t he
insulating, material (rigid base). This invention ains at alleviati n?, AED.
5 Diamond is transparent for the visible light emitted by the laser unlike silicon.
Namely, the complex refractive index n+jk has a vanishing imaginary part k=0. The real
part n=2.4 is also lower than the real part of silicon. The reflection rate is r=(n-1)/(n+1) for
the vertical incidence. Since n is small, the reflection rate is also small. Transparency

allows the visible light to penetrate into the diamond crystal. Any notch (M) on diamond

10  cannot reflect the laser light in Fig.3(a). A visible light beam passes a diamond bulk crystal

without loss along a light path LMP in Fig.3(a). If a diamond film is formed on an opaque
substrate of a foreign material, the Iight passes the trarisparent diamond and arrives at the
interface between the diamond film and the substrate. The beam is reflected by the foreign
material substi'ate along the light path LNQ in Fig.3(a). Since diamond is transparent, the
15 reflection occurs not on the diamond sﬁrface but on the interface between the diamond film
and the substrate. For this reason, the laser scanning surface defect detection apparatus

cannot be applied to the examination of the surface of diamond. The Inventors thought that

the laser scanning surface defect detection apparatus is a promising candidate for an
inspection apparatus for diamond despite the difficulty of transparency. .
20 To achieve the foregoing o_bjects and in accordance with the purpose of the invention,
embodimentg will be broadly described herein.
One purpose of the present invention is to provide an improvement of the laser

scanning surface defect detection apparatus so that it would be suitable for examining surface

defects of diamond. Another purpose of the present invention is to provide a diamond

25  substrate which is suitable for use as the substrate of SAW devices by examining surface
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The insul ator which has been nost widely used as the material of the rigid
base is glass. dass is an inexpensive and |low | oss insulator. ZnQ gl ass
SAWfilters have been popularly enployed as TV intermediate frequency
filters. Zinc oxide (ZnO) is a piezoelectric material. ZnQO gl ass neans a

SAWfilter
I'n spite of

having a gl ass substrate and a ZnO filmdeposited on the gl ass.
| ow- | oss and | owcost, gl ass SAW devi ces cannot raise

oper ati on fredefects\byfthe laser snafhnﬁggtsnrfacteeddfmn/d%wﬁmhmtatus.v.Tiﬁ(ﬂmbeltburﬁm of the
proposed new SAW devices having a harder rigid base than glass, for

exanpl e, sappidsent ifvétion is tb Prshi® & Imethsh oﬁkl%ngﬁ"ﬁﬁ@nd‘ﬁ%sﬁ%? shifdbfe & fPm a
hi gher SAWvelocity than glass ow ng to high Young's
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piezoelectric film thereupon.

This invention coats a diamond film or substrate with a thin metal or non-metal film
having a high reflection rate for the laser light. The thin film enables the laser scanning
surface.defect detection apparatus to detect defects or dust on a surface of the diamond, since
the thin film reflects the laser light. The thin film should be made from a metal or non-metal
having a reflectance greater than 50%. The thickness of the coating film is less than 100nm.
The surface of the coating Has the same convexities and concavities as the surface of the
diamond, since the coating film is thin enough. The coating layer trahscxjibes the diamond
surface. If the diamond has a surface defect (M), the coating layer has a similar surface
defect (K), as shown in Fig.3(b). Most of thé beams are reflected at the coating layer. The
rest penetrating into the coating layer is also reflected at the interface between the coating
layer and the diamond. The inaterial of the coating layer is, e.g., aluminum (Al), gold (Au),
silver (Ag), coppér (Cu), niékel (Ni) or so. Thin film of the metal has a sufficient reflection
rate to the laser light. If the diamond has defects or dust, the coéting layer has similar
anomalies due to the defects or dust at the same spots. The formal anomalies reflect the
laser beams at random. Then the laser beams are scattered indirectly by the defects or dust
on the diamond. The coating layer enables a conventional laser scanning surface defect
detection apparatus to dgtect defects or dust on an object diamond. Thus, the laser scanning
surface defect detection apparatus can now be used for the estimation of diamond surfaces.

Fig.2 shows a diamond crystal covered by a metal coating layer. The coated
diamond is .examined with regard to defects or dust by the laser scanning surface defect
detection apparatus. If dust lies on the surface, the dust itself scatters the laser light. The

scattered light arrives at the photomultiplier. The existence of the dust can be surely
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nmodul us. However, the SAWvel ocities of sapphire SAWdevices, quartz SAW

devices or LiNo(err] SAWdevices are still unsatisfactory for high
frequency filters. Dianond is the nost prom sing candi date which gives the
hi ghest SAWvel ocity due to the extrene rigidity. D anond SAW

devi ces enable the current | ithography technology to pattern interdigital
transducers for C han 1 w ng t,o the high SAW vel
V. However, feﬁﬁ{?ﬂégﬁ éw P[QWFW_? glest E?P‘F‘%“I%FQE" lom. 4 A shownda gi(ié),
devi ces. The I arlg eqpr opagat i on I oss [err] Ep | eaves di anond SAW devi ces
i npractical . & mefar ¢oating yerd!aﬁﬂmearae gograetric anomaly e thn defoetpbrcausetbe metal layer
defect-free d| anond filmcoveri ntg the whole of the device due to the
extrene rigidityd §in gnaughndMost of the fagen kight isiraflested at Kt pointnk The s¢attgring beam goes
pi ezoelectric filmon the defect-ri ch dianond film Even if the
pi ezoel ectric fislongiKRprdchaeed the rest is reflecrdd ot MipoinbcThecscaitered beama KR 20d 0T are
quality. I\/ané defects_on the dianond surface and the shortness of the SAW
wavel engt h r 8i s@gtindellactsd a4 semeportiorssoffthie irtemsal sphiere aad/zeach therphatoswitiplier/ i Thus, -
i noperative. .
the existence of the defect is also be detected by the apparatus, Therefore, the laser scanning
surface defect detection apparatus which is inherently directed to examining Si wafers can
now be diverted to the examination of defects and dust on diamond surfaces by coating the
object diamond with a thin opaque layer.

10 - Diamond films are now examined by the laser scanning surface defect detection
apparatus. The Inventors discovered that the critical density is 300 particlcs/cm’ of the
surface defect for diamond films by the examinations. - - Diamond films whxch have more than

~—3 300 particles /em? defects shall be rejected for the substrate of SAW devxces The diamond

———> films with defect density less than 300 particles /crr_x shall be adopted as a substrate for SAW

' 16  devices. The most important factor is the surface defect density for estimating diamond
' films as the substrate of SAW devices.
" The surface roughness Ra{1:§.>f diamond films has an inﬂuer{ce upon the quality of the
' ' SAW devices in addition to surface defects. The surface should have 2 surface roughness
| lower than Ra 20 nm. In particular, less than Ra 10nm is preferable for the substrates of
20 SAW devices. The roughness is the second criterion for estﬁnating the quality of diamond
films.
A_nother factor is the size of a diamond-coating wafer. Réising productivity requires
1 wgfer size of more than 2 inches of diameter. Namely, the surface area should be wider
than 19¢m? in the case of a circular wafer,

|
‘ : 25 Inner stress is a further factor for defining a desirable diamond-coated wafer. If a

- :
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Since the frequency f is very high, the wavelength [err] = v/f is reduced
to asimlar size to the mcro-cavities and mcro-convexities. Acoustic
phonons building the surface acoustics wave are scattered by the

m cro-def ects, because phonons are nostly. perturbed by the objects of the
sanme size as the wavel ength. Besides the high propagation |oss [err]Ep, the
defects-rich dianond fil mdecreases the yield of SAW devi ces by raising t he

Gevi ces from g bt RoVigng besh eauinglnd; dsis i r&a @?@E WP istorted.
e O U, A e e i i 400
pur pose of the present invention is to produce di anond SAWdeV| ces havi ng

| ow propagat i ohcangee. Ahetdefarmgtion of theatiamens filne aflectsithe tasen lightjupevesly. A slight
enhance the yield of the dianond SAWdevices. In addition to SAW devi ces,
thi s i nvent i orslanting o€ theppdferfibvriids theireflevted light fiomegoing out theoyphahieiotied U axfd forces
m croel ectroni c devices or mcromachi nes nmaki ng use of small
5 a part of the reflected light into the photomultiplier. Thus, inner stress should be weaker
than 1.5 X 10° Pa (150MPa=1500bar). Besides, the distortion which is defined as the height
of the center from the surface containing the periphery should be smaller than =40 zm.

Of course, a pure diamond film is most suitable. But a diamond coated with a thin

carbon is also allowable, since the diamond is directed for a substrate of SAW devices. In
10  the case, the carbon overcoat layer should be less than 10nm in thickness. Fig.1 shows the
following requirements for the diamond film for SAW devices in the present invention.
(1) defect density =300/cm?
(2) surface roughness <RalOnm
(3)area = 19cm?
15  (4) inner stress =150MPa
(5) carbon overcoating = 10nm.

Instead of a film, a freestanding, homogeneous diamond substrate without foreign
material substrate is also available. In the full diamond substrate, the thickness of the diamond
crystal should be 100 u m to 2000z m. The complete diamond substrate makes excellent

20 SAW devices.

Complex sﬁbstraxes having a foreign material, e.g. silicon, substrate and a diamond
film coating the substrate are, in general, made use for the substrate of SAW devices. The
mother foreign material should have a thickness between 0 z m and 2000 pgm. At the limit

of 04 m, the case coincides with the former full homogenous diamond substrate. The

25  thickness of the diamond film should be more than lum. The mother substrate and the
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wire patterns with-a breadth less than 5.0 [err] mthrough reducing the

rate of the wiring pattern

- 6 - cutting. Hi gher frequency requires SAWfilters to nmake a
still better piezoelectric film The undercoating dianond filmnust be

flat, snmooth and defect-free for producing (D anond)/(piezoelectric
material) SAWdevices. For this purpose, a sinple and reliable estimation
techni que of dizBNddfifrh| dHouldS havélias PAIEhANsC1eBE Thale Rabofhi Cahi patiGilagahel surface
diamond filnms. This invention proposes also a nethod for easily estimating

di anond fil ns

hness of the Bi2fBRS filth pPeFerdfiySs REChaf RATOARI Py observing

. TOU,
m cro-defects, rﬁ cro-concavi ti es

10

15

25

(6) in the case of a homogeneous full diamond substrate, the thickness should be 100 z m to
2000 z m,

) iﬁ the case of a diamond/mother cofnplex substrate, the mother substrate thickness should
beOurptoZOOOum.

(8) in the case of a diamond/mother complex substrate, the diamond film thickness should be

more than 1 z m.

- (9) the surface roughness of the diamond film or substrate should be less than Ra20nm.

Although many proposals have been discussed and proved that diamond SAW
devices would be superior in the SAW velocity to other materials, diamond SAW devices are
suffering from extremely low yield due to the large propagation loss of the SAW devices
having piezolelectric films upon diamonds. The low yield resulted from the lack of the
method of a preliminary examination of diamond crystals. Since the property of diamond
films could not be measured, SAW devices made on the property-unknown diamond crystals
were tested, which lowered the yield and raised the production cost. This invention provides
an estimation _method which can examine diamond film:s or Bulks at a preparatory step of
making diamond_ SAW devices. .This invention makes the best use of the laser scanning
éurface defect detection apparatus which prevails in silicon semicon&uctor industries. The
laser scanning surface defect detection apparatus cannot be employed for examining diamond _
surfaces as it is. Preparatory coating of thin films of a metal or another opaque material
enables i:he laser scanning surface defect detection apparatus to examine the defects of
diamond surfaces. The examination reveals the density of defects and dust on diamond
films or bulks for determining whether biezoeleétric films and electrodes should be made

upon the diamond samples at a preliminary step. Diamond crystals having defect & dust
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or micro-convexities by scanning el ectron m croscopes or atomc force

m croscopes. [err] R Ghlin, A Alahelisten, S. Jacobson, "The effects of
conpressive stresses on the abrasion of dianond coatings", War 196 (1996)
226-233 [err] S. K Choi, D. Y Jung, S.Y. Kweon, S. K Jung, "Surface
characterization of dianmond filns polished by thernonmechani cal polishing
met hod", Thin Solid Filnms 279 (1996) 110-114 M croscope estinmation

is a strai-ght ansty’ 6t mdkd ehale360 Partieiel Céindlicanmitdfopmr 6 plegoelélitfie dliny and good
observed by a mc?,oscope. However, the field of vision is too narrow. The

b ti fi . s :
e e A s S P T
X 100 t 0.20000 .X 20000 . Th f .
e 00 Ll b e Aoty i, 57 508 B0 " PiaiSe 8o S densicy
take very nuch tinme to_observe the whole surface of a SAWdevice

/ b
ni croscopes. lawesr thaaop@0 cpasticlentGnyn Rashibe examipadione( Fbetﬂ’?és@xél?%“??&’fii ghables

of dianond surfaces in the _ _ .
f 5 manufactures to produce low loss SAW filters available for high frequency by depositing

piezoelectric films and making interdigital transducers on the diamond surfaces.
Examples of the invention will be described with reference to the several figures of
the accompariying drawings in which:
Fig.lisa schematié front view of a diamond crystal having the conditions suitable
10 for a substrate of SAW devices.
| Fig.2 is a section of a sample of 2 diamond crystal coated with a metal film available
for an examination by a laser scanning surface defect detection apparatus.

Fig.3(a) is a view of a defect on a diamond surface without coating, where a laser

beam penetrates a transparent diamond crystal.
15 ' Fig.3(b) is a view of a defect on a diamond surface coated with a metal film, where a
_laser beam can detect. the defect by being reflected at the metal surface.
Fig.4 is a sectional view of a laser scanning surface defect detection apparatus which
has been used for examining surfaces of silicon wafers.
Fig.5 is a sectional view of a Si substrate and a diamond film deposited on the Si
20  substrate by a microwave plasma CVD (chemical vapor deposition) method.
Fig.6 is a sectional view of a Si substrate and a diamond film polished by a diamond
electrodeposited whetstone.
Fig.7 is a sectional view of a sample having a piezoeiectric ZnO film deposited on
the diamond/Si substrate.

25 Fig.8 is a sectional view of a sample having an aluminum film coating on the

14
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process of produci ng di anond SAW devices. Nanely, there is no estimation
met.hod avail abl e for exam ning di anond surface on an industrial scale.
Produci ng di anond SAW devi ces requires a conprehensive estinmation nethod of
exam ning the entier dianond surface at a stretch. If the dianond film can
be easily exam ned, one can judge whether a piezoelectric filmshould be

deposited on

- 7 - dianon
with a piezoe

it or not. If the

. mis bad he sanpl e shoul d be abandoned w thout coatin
£l Siips 5

Bt her purpose of the present invention is to

propose a nethod of _estimatin

10

15

20

25

Thi

Fig9 is a se 1or?aqy\§ile$valof a sample having interdigital transducers made by
selective etching of the aluminum film by lithography.

Fig.10 is a graph of the frequency dependence of S12 of an embodiment SAW filter
of the present .invention. The abscissa is the frequency (MHz) and the ordinate is the electric
power ratio (dB).

Fig.11 is a graph of the frequency dependence of S11 of the same SAW filter. The
abscissa is the frequency (MHz) and the ordinate is the electric power ratio (dB).

Fig.12 is a graph of the frequency dependence of S22 of the same SAW filter. The
abscissa is the frequency (MHz) and the ordinate is the electric power ratio (&B).

Fig.13 is a section of a particle of dust l'ying on the diamond surface which scatters
laser beams in random directions.

Fig.14isa séction of a defect which scatters a laser beam.

Fig.15 is a plan view of a part of an example of an interdigital transducer.

Diamond can be synthesized by two methods. One way produces a diamond bulk
crystal from carbon at a high température under ultrahigh pressure. This bulk-production
method is called an ultrahigh pressure synthesis. The other way produces a diamond thin
film on a mother substrate. by supplying hydrogen gas, hydrocarbon gas to the mother
substrate, exciting the gas by heat, light or microwave, inducing a chemical reactioﬁ of the gas
and depositing the reaction product on the mother substrate at a high temperature under
reduced pressure. This film-production method is called a vapor phase synthesis. Both
methods can prdduce both diamond single crystals and diamond polycrystals. This
invention can be applied both to single crystals and polycrystals of diamond.

However, the ultrahigh pressure method can make only a small-sized diamond

crystal. A big diamond wafer of an area wider than 19cm?® (2 inches in diameter) can be

il
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property (roughness, defects) of a dianond film The I nventors of
the present invention tried to utilize a | aser scanning surface defect
detection apparatus for silicon wafers to exam ne dianond filns of SAW
devices. -Dianond is different fromsilicon in nmany physical properties. A
| aser scanning surface defect detection apparatus for silicon wafers
cannot be readily used for estimating a dianond._ |ndeed, a |aser, scannin

surface defect deraducedonlyhyathe vaporpase sxnshesisecln srycerses synthesized digm ls

films. Fig.4 shows a schematic view of the |aser scanning surface defect

det ection appar dhves some surfice rolgimessppaicht forbidsamaking i aunifors pisposiectric film on the

| aser, a lens and a photonultiplier. The inner wall of the integral sphere

is a mirror. The diamondr aTh@ptierdiantond film shquddbepolished mechabisaliyoon chamisally.

sem conductor laser (L) is nounted at a niche on a side of the integral

sphere for enitting aThisimweacsd pgkési biambad brystabstongh \Figi by syithesizing a diamond

sem conductor |aser can be .

: 5  crystal from materials by the methods, polishing the syathesized diamond crystal and coating
the polished diamond with a thin metal film of a thickness less than 100nm. ~ The diamond
crystal is then examined by the laser scanning defect detection apparatus shown in Fig.4,
The metal thin film reflects the laser beams at point (T) to the outlet (U), if no defect exists at
point (T). Hereafter the word "defects":'broadly include intrinsic, crystallographical defects,

10 hillocks , protrusions, concavities and dust particles on a crystal surface in the description,
Geometric defects of the diamand are transcribed to the metal surface as shown in Fig.3(b).
If a defect (a dust particle or an intrinsic defest) lies on the interface between the metal and
the diamond, the laser beams are scattered to some sf:ots of the integration sphere and are
reflected again to the photomultiplier. The photomultiplier senses the defects (dust particles

15  orinherent defects) at point (T) by an increase of the photocurrent. Scanning the integration
sphere on the wafer reveals the two-dimensional distribution of the defects including inherent

———= defects and particles. 300 particles /em? is the critical value for defect density. Diamond

' —— wafers having a defect density of more than 300 particles /em® should be rejected. Diamond
; i, wafers of a defect densit§ less than 300 garticles fem? pass the examination, A diamond
20  substrate with a thin carbon coating of less than 10nm is permitted for a diamond substrate for
producing SAW devices, Preferable roughness of the coating carbon is less than RalOnm,

But less than Ra 20nm is allowable for the surface roughness of tl:xe carbon coating.
Preferably the :ﬁMond film should be wider than 2 inches in diameter (19cm®) for
the standpoint of the economy of wafer processes. Hoﬁcver, SAW devices can be fabricated

26  ona diamond wafer less than 19 cm? as long as the wafer satisfies the other requirements.

16
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repl aced by a gas laser, e.g. a He-Ne laser. The integral sphere has an
outlet (U) on the other side for taking out a reflected beam The

I nspection conprises the steps of nmounting an object wafer on a stage,
bri ngi ng the bottom opening of the integral sphere close to the wafer
(KTW, irradiating a point (T) on the surface of the wafer by the Iaser

beam (LT), and rreasurl ng the {oovver of the reflected Ilq‘g
i nci dent beam angl e i@ dJabrigating & SAW feviceds grelaingd by FQf@'é‘F'B Gq_flge?rfe Kig2

outlet (U) are determ ned to be symretric in the integral sphere. Then,

[ err] LTK=[ er r ] UAViiomdgendus dummicbulk serystalt madel by thecultrahigh presgurs saynthediv cambe a

t hrough the side opening (U). The photormultiplier detects no light. Wen a

defect or a pi statingfubdtrate. - | Hewevern, thin exanigleadoppa disméndymothememplexsubstratdweade

| aser beans is scattered by the defect or dust. The scattering beans

i mpi nge upon ot byethe pepar phase syrthesizahéthod. tThis examelprshows pkuhstrate cattsisting of a silicon

photonul tiplier senses the scattered beans. Fig. 13 shows a bit of dust

I'yi ng on thed (Si) mother wafer and a diamond film deposited on the silicon wafer by the microwave
plasma CVD method. Si single crystal wafer is the most popular mother board. Of course,
the Si wafer in Fig. § can be replaced by a wafer of molybdenum (Mo), nickel (Ni), aluminum

—_— nitride (AIN), alumina (ALO,), gallium arsenide (GaAs) or so. A wafer having a diameter
more than two inches (19cm?) is desirable for the viewpoint of production efficiency.

10 The synthesized diamond film has a rugged surface having a plenty of concavities
and convexities. Then, the diamond surface is whetted by a ciiamond-electrodeposited
whetstone which is prodﬁced by electrodepositing diamond powder on a turn-table. Fig.6
shows a dia/Si complex wafer polished and flattened by the diamond-electrodeposited
whetstone. The surface roughness should be less than Ra20nm. Preferably the surface

15 should be further flattened to a smoothness less than RalOnm. The flattened (dia/Si) wafer
is now temporarily coated by evaporation with a thin metal, e.g., aluminum film as shown in
Fig.2 or Fig.3(b) and examined by the laser scanning surface defect detection apparatus of
Fig.4 for searching the defect density. The test clarifies the surface roughness (SRa20nm),
the defect density (2300 particles cm™) and the carbon coating thickness (< 10nm) of the

20  object die/Si wafers. Wafers failing the test should be rejected.

Dia/Si wafers which passed the test are employed as substrates of SAW devices.
The metal thin film is removed from the wafer. A piezoelectric film is deposited upon the
wafer, for example, by sputtering. Fig.7 shows a zinc oxide (ZnO) film for the piezoelectric

film. Other piezoelectric materials, e.g.,, PZT, LiNbO, and LiTaO, are also available, A

25 metal ﬁl'm, e.g, Al film is further formed on the piezdelcctric film by sputtering or

—_— ' 17
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- 8 - surface of the wafer. Parallel |aser beans are randomy reflected by
the dust in the directions E F, G etc. Reflected beans do not exit
through the outlet (U) but inpinge upon the inner wall of the integrated
sphere and are reflected to the photormultiplier. The photonultiplier

neasures the scattering light with high sensitivity. The photomul tiplier
detects the existence of a dust at the sanpling point (T) by an increase

of its photoc qu@fdtionT hBig8 elgavs theALHAMD/diasSi wiftre Phomlithgraphy producesinterdigital
l.i ght becomes. The reflected light power is in proportion to the size of

the dust. It ir%ﬁﬁﬁééfs Ioﬁ_bBFl'Fiﬁﬁéstﬁfw S%W\?c%g@yttﬁiékﬂ& Bk nhétal HlnbwitH dsesist and etching

However, the otonultiplier can al so téct geonetrical surface defects.
o 14 200 SRR v R RS RS 90 B LAk i 1 68 by
photolithography. There are various types of interdigital trapsducers. Fig.15 denotes an
5 example of an interdigital transducer which consists of two branches having two reciprocally
facing parallel stripes in a wavelength 4.
[EMBODIMENT 1: defect density and electrode breaking rate]
A SAW device is fabricated by a series of steps of growing a diamond film on a
mother material substrate, polishing the diamond film, depositing a piezoelectric film,
10  evaporating a metal film on the piezoelectric film and etching the metal film through a mask.
However, the estimation of the diamond should be finished before the formation of the
piezoelectric film. Thus the electrode breald;lg rate’ should be measured by forming
interdigital transducers directly on the diamond film without depositing the piezoelectric film
and counting the spots of breaking electrode patterns. If the diamond has a poor quality, the
15  interdigital transducers would break at many spots. The factor affecting the electrode
breaking rate has been sought by forming an interdigital transducer directly upon the diamond,
measuring the defect density and considering the correlation between the breaking rate and
the diamond film.

1. Growth of diamond films

20 A 35 1 m thick diamond film is grown on the silicon wafer of a 1mm thickness by
supplying hydrogen gas containing methane gas of 2 vol% and exciting the mixture gas by the
microwave plasma CVD method. 100 samples are produced by growing 100 diamond films
on 100 Si wafers along the same way. The surface roughnesses of the as-grown diamond
wafers are, in general, more than Ral 1z m.

256  (Condition of growing diamond films)
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hi gh absorption for the visible light emtted fromthe |aser. The conpl ex
refractive index n+jk of silicon has a large real part n and a | arge

iimagi nary part k for the visible light. Laser light is strongly reflected
at the interface between air and silicon. The notch (M scatters the beam
i'n other directions (MH) than that of the outlet (U . The scattered beans

are again

reflected by the inner wall of the integral sphere and arrive at

t he phot onul t Spbstexe f or generating a phot osiliconewafersTthacknesst mmte of dust
or a defect on the object point of the silicon wafer can easily be

detected by t RMeicroRndepbaeat tering of |ight pspws. Since a Si
wafer is a wde disc, defects and dust of all the portions are inspected by

movi ng the st mefﬁ the two-di mensi onal XY‘ﬂkﬂﬁﬁeWh?Bx{dﬁ’éﬁlard ¢H,Hhe 2:100

integral sphere.
rotation and parallel displacegept of haft. The sanpling

point (T) noves in a spiral. This node is cgﬁ’F Sdgh%nis

i's an assepbl

t he waf er .2 Thi 8BS PESEHE| ed a scanni ng node.

assenbl y of
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re are two nodes -of novenent o e stage. One is an

ed a spiral node. The other
of x-direction displacenent d.y-direction displacenent of
%ﬁgﬂ%Vérall noverment enabl es

Temperature(substrate temperature) 800°C

Thickness 35um

The microwave CVD made dia/Si complex wafers as shown in Fig.5. The 100
samples were polished by a polishing machine having a diamond whetstone. The polishing
brought about even dia/Si wafers having good smoothness of less than Ra2nm and few
defects of less than 50 particles cm™ defects which were bigger than 0.5 z m in diameter as
shown in Fig.6. The average thickness of the diamond films was 20um. The X-ray
diffraction ﬁattem was examined by the X-ray diffraction apparatus. The diffraction pattern

revealed an existence of a carbon layer on the diamond film. The thickness of the carbon

- layer was less than 10nm.

2.Deposition of a piezoelectric film

Preliminarily 30nm thick aluminum (Al) films were deposited upon the diamond
films of the dia/Si samples by the DC sputtering method. The aluminum film coating
enables the laser scanning surface defect detection apparatus to exarrﬁné the surface defects
on the diamonds.

(Condition for deposition of aluminum films)

Aluminum film thickness 30 nm
DC sputtering power - LOkW
Reaction gas argon gas 50 sccm
Gas pressure 1.0 Pa (7.6mTorr)
This Sheet Has Been Replaced
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the apparatus to detect dust or defects on the whol e surface of the silicon
waf-er . In the silicon sem conductor industry it is well known to
use a laser scanni ng surface def ect deteéection apparatus. It takes only a
short tinme to examne a pretty wide silicon wafer

- 9 - Dby the laser scanning surface defect detection apparatus. Unlike
observation by a mcroscope, the apparatus can neasure the nunber or the
density of defgbdtatemgeaturequantitativel y mvartemperatizer ange. However, the

| aser scanning surface defect detection apparatus cannot be readily used
to exam ne the surfggRe qhe dARRRAS cover the dia/Si samples, the laser scanning surface defect
detection apparatus can detect defects or dust on the diamond films. This apparatus shoots
slantingly the Al-coating diamond film with laser beams, and measures the power of the light
5 scattered from the defects or dust by the photomultiplier(or photomulti-tube). A defect is an
inherent anomaly but dust is a foreign material lying on the diamond. If the diamond is
smooth and flat with little defects, the scattering light power is weak. If the diamond is
rugged with many defects, the scattered light power is strong. The defect density at the
object point is known by the photocurrent. As shown in Fig.4, since the wafer is moved in
10  parallel or in spiral, the existence of defects or dust is examined at all points on the wafer. In
the measurement, the bias voltage of the photomultiplier is 550V.

The relation between the size of defect and the scattered light power is preliminarily
determined by the steps of coating a wafer with standard Latex granules of a definite diameter,
measuring the power of the light scattered at the granule, replacing the Latex granules with

15 Latex granules of another diameter, measuring the power scattered by the Latex granule again

and searching the relation between the granule sizes of Latex and the photocurrent.

* Here, the purpose is to form_interdigitai transducers (IDTs) of 2 1 2 m line width.

The Inventors think that defects with a small size less than half of the width have little

influence on the electrode formation. But defects with a large size more than half of the
| 20  width decrease the yield of IDTs. The Inventors considered that the critical size (d) of

defects should be determined as a half (W/2) of the width (W) of interdigital transducers,

For the formation of the electrodes of a 1 u m width, it is important to know the number of the

defects larger than 0.5 u m. However without microscope observation, the sizés of

| individual defects cannot be measured. Thus the defect was identified by employing Latex

25  standard granules of a2 0.5 ¢ m diameter. A threshold photocurrent was determined as the
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D anond is transparent for the visible light emtted by the | aser unlike
sil-icon. Nanely, the conplex refractive index n+jk has a vani shi ng

magi nary part k=0. The real part n=2.4 is also |lower than the real part
of silicon. The reflection rate is r=(n-1)/(n+1l) for the vertical
I'ncidence. Since nis small, the reflection rate is also small
Transparency allows the visible light to penetrate into the di anond

crystal. Any i distiiBad gremeof a 06 & afdiainber! aA®.S Lt ingliameter defect will
Fig.3(a). A vie‘glfr%fiel&%gﬁpybeam %gs%es a di am)llﬁld bul k crystal w thout |oss

along a |ight gl?stgqh‘lf Iégné ?ﬂggqlagéhgﬁgie sclllft?r,ﬁlgtdl?éﬁﬂfla%e; a4 Me éshﬁ-ﬁ TegexOfarifard granule.

opaque substF erra ght passes the transparent

di anond and aryives at. th interfa e t he, di i -andath

O 20 hueheaha Wafy popee ol SBrSh 35T aht SRR Bk A e of i
the light path LNQin Fig.3(a)., Since dianmpnd_js transparent, the

refl ec'? i onpocétilﬂéafdcﬁfa@ﬂg% W((a‘-l%!f‘)&%hée@ﬂp‘lnﬁ e 'Bh‘is i ?prPgrait‘fﬁ ¢4 sose Surfags Jefects

t.he dianond film and the substrate. For this reason, the |laser scanning
surface debectwhielt srearger thap@b atmdn digmetest be applied to the exanmination of
the surface of dianond. The Inventors thought that

Besides the diameter d(=W/2), the depth or height (h) of a defect is another factor

affecting the electrode breaking rate. Here, the crit_icai depth (or height) is determined to be

10nm for a 1 2 m width electrode. The defects which satisfy d=W/2 and h=10nm should
be detected and measured.

10 Ten samples were prepared by forming diamond films on ten silicon wafers by a

similar method. Ten samples are symbolized by'A, B,C,-J. Ten samples were examined

. with regard to the surface roughness and the defect/dust humber. Table 1 shows the surface -
roughnesses (Ra) and defect numbers of ten samples. The aluminum films were removed,
when the defect measurement has once been done. The diamond surfaces appeared.

;5 Interdigital transdﬁcers were made on the diamond layer of the dia/Si wafers. The
electrode pattern breaking rates were measured. The former thin Al films aimed at
measurement of defects. The present Al coating is directed to making electrodes. Both

| steps weré, by chance,. aluminum coating. But the purposes were different. The formerly

I coated aluminum was eliminated. A plurality of interdigital transduéers were made by

20 evaporating or sputtering aluminum on the (dia/Si) wafers, making a mask pattern by
photolithography, and etching the aluminum layer. A plurality of pairs of interdigital
transducers were produced on each wafer. The devices were examined by supplying

currents for searching the electrode breaking. The breaking rate was calculated by dividing

the number of the electrode-breaking devices by the total number of devices. The electrode

25  breaking rate is also shown in Table 1. The breaking rate is given by an experimental

————————
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the | aser scanni ng surface defect detection apparatus is a prom sing
¢andidate for an inspection apparatus for dianond despite the difficulty

of transparency. To achieve the foregoing objects and in
accordance with the purpose of the invention, enbodi ments will be broadly
descri bed herein. One purpose of the present invention is to

provide an inprovenent of.the | aser canni ng surface defect detectiaon

appar atus so thatequft’%!'yﬁ’lfi‘b‘é %‘ﬁ?dc aM“@iVérpl%'xam Muraby's plot iscexprossadoby Lexp(-DA),
di anond. Anot her purpose of the present invention is to provide a dianond
substrate which iwheseiG isor sonstant, Bds she defectsdensityr andeAois thaarescofl BXE pasjerns.  This

exam ning surface .
equation means that if the area for interdigital transducers is wider, the defect density should

be smaller for keeping the same yield.
5 It is a general agreement that if the defect size (W) is larger than a half of the
minimum pattern width (d), the yield of the IDTs will decrease.. For making electrodes
> having a width of 1 zm, the &efects_ﬁr___g._e_r__}han 0.5 2 m tend to plague the formation of
electrodes, Here the "defects” include dust particles and inherent defects. Table 1, the third
~———> Column, shows the result of measurement of the number of defects larger than 0.5 m for
10 (diamond wafer) sampleé Ato I. Meandering patterns with 400 electrode stripes of a 1um
length X 500 u ni width were formed in a spatial period of 1000 2 mX 500 4z m on two inch
diameter diamond wafers. The line width (length) of an individual stripe is 1#m. The -
distance between neighboring stripes was 1z m Thﬁs. 400 stripes have a width of about
800z m. The total ares of 2 wafer is about 19¢cm®=1900mm®, One spatial period is 1000 2z m
15 X500z m=0.5mm®. About 3800 ssts of 400 electrode stripes were made on each diamond
. wafer. Then the electrodes were exarrﬁﬁed by supplying currents. Some electrodes turned
: out to be broken due to the roughness of the diamond film. The number of breaking

electrodes was counted for every diamond wafer sample. The breaking rates were also lsted

in Table 1.

22 I —
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- 10 - defects by the | aser scanning surface defect detection apparatus.
The further purpose of the present invention is to provide a nmethod of

sel ecting dianond substrates suitable to forma piezoelectric film

t hereupon. This invention coats a dianond filmor substrate with a
thin nmetal or non-netal film having a high reflection rate for the |aser
light. The thin filmenables the | aser scanning surface defect detection

apparatus to detrRrE¢f eRbﬁglﬂfesﬁRﬁ(hnf_?h NDafestdénsieeaf Bieaking irgteofialuntiium electrodes
thin filmreflects the |aser |ght e thin f| | m shoul d be nmade from a

metal or non-netal having a ref B reat a}§(}a§l‘b g The thickness of
the coating filmis |ess than 18 ?a%ﬁ tggg)?f E@ coating has the
same convexities and concavities as the surface of the dianond, since the
coating filmis thin enough. The coating | ayer transcribes the di amond

surface. |f [MegZARN@BLRNT | TRDUGRNESSCE JeDEREGTS DENSETYOat | NBREAKING RATE OF A
simlar surfage — yo, Ra (nm) (particles cm™) ELECTRODES(%)
| | A 72 80 0%
B 8.2 287 0%
C 76 462 12%
D 8.3 812 48%
E 8.9 1431 113 %
F 78 2436 33.8%
G 98 3788 723 %
| H 76 4689 . 918 %
1 82 6126 100 %
: J 21.9 Not examined Not made

The surface roughnesses Ra are dispersed between 7.2im and 21.9nm.  Sample J had too big

surface roughness Ra=219nm which forbade the fo;mation of interdigital transducers.

Having the same roughness Ra=7.6nm, sample C and sample H have different breaking rates

1.2% and 91.8% respectively. This means that the surface roughness is not a critical factor
5 for determining the b;eaking rate.

Sample E with Ra=8.9nm shows a good breaking rate 11.3% which is much better
than a breaking rate 100% of sample I of Ra=8.2nm. The breaking rates are reversed to Ra
for sarﬁples EandI. Sample H, suffering from a high breaking rate of 91.8%, is useless for
the sﬁbstrate of SAW devices. However, a person who pays attention only to Ra would

10  consider that sample H must be a good substrate. Ra is not a reliable factor for foreseeing
the quality of electrodes formed upon the sample.

| Then, the breaking rates are now: considered in a different standpoint. Sample B

enjoys 0% of pattern bfeaking rate, since it has a small defect density of 287 particles/cm?,

Sample A exhibits 0 % breaking rate due to the very small defect density of 80 particles/cm? .

—
—

—
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defect (K), as shown in Fig.3(b). Mdst of the beans are reflected at the
coating |layer. The rest penetrating into the coating |layer is also
reflected at the interface between the coating |ayer and the dianond. The
material of the coating layer is, e.g., alumnum (A), gold (Au), silver
(Ag), copper (Cu), nickel (Ni) or so. Thin filmof the nmetal has a
sufficient reflection rate to the laser light. If the dianond has defects,
or dust, the Sample)Q Hagyeill aHlow dsfedt|densityaofAt particldsiem’ ovhiple suprressess therbreaking
dust at the sane spots. The formal anonalies reflect the |aser beans at

random Then gg}g tb 6}?% be&fiSle I Bas & Tefelt Séls'it?@frswtﬂaﬁid@és éfre whidteistaboot twice as

dust ~on the dianond. The coat i ng layer enables a conventional |aser

i 0b] oot di a A S5 FAGLle T Ths BrSRERCRLYS it @if 60 BuHlEl P BT Sitple Pruhich
G2 shove. o 1 Aefor oL Pyiq BImielgy sPode Bpommpied oY elEE breafinpd6Ran e Sample G
GUrTace deBecit el drmedppsh enos oavols PBkeding bEReBOR Hbdrag
itself scatters the laser light. The . ,

: Despite low Ra=7.6nm, sample H has a very high breaking rate 91.8% due to the large defect
density of 4689 particles cm™®.  What these results fell is that the most important factor of
determining the quality of electrodes is not the surface roughness Ra but the defect/dust
density. Namely, the examination by.the laser scanning surface defect detection apparatus

10  gives the most suitable estimation for the surface states of diamond wafers.

. An ideal condition is, of course, 0% of breaking rate. For 0% of breakiﬁg rate, the

| defect (and dust) density should be less than 300 partigle"s cm?, because sample B of 0 % has
a defect density less than 300 particles cm™ but sample C of 1.2% has a defect density more
than 300 particles cm™® Thus, 300 particles cm? is the critical value ruling the break of

15 electrode patterns. The roughness must be less than 20nm. The roughness is not a major

~ factor for determining the bre_aking rate. The roughness less than Ra=10 nm is more suitable

for decreasing the breaking rate.
What affects the break of electrode patterns is not the surface roughness .but the
defect density. There has been no means for estimating defects of diamond crystals. The
20 Inventors succeeded in examining the defect on diamond crystals by coating the object
diamond with a thiﬂ metal film and measuring the scattering ligﬁt in the laser scanning
surface defect detection apparatuses which have been widely employed for estimation of
silicon wafers. The new estimation method using the laser scanning surface defect detection

apparatus can give a definite requirement of diamond films or bulks suitable for the substrates

25 of SAW devices. The preliminary estimation can prophesy that the object diamond crystals
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scattered light arrives at the photonultiplier. The existence of the dust
can be surely detected by the apparatus. However, defect
detection is a problem As shown in Fig.3(b), the nmetal coating |layer has
the sane geonetric anomaly as the defect, because the netal layer is thin
enough. Mdst of the laser light is reflected at K point. The scattering
beam goes along KR A part of the rest is reflected at M point. The

scattered beagg Jéﬁrd@?ﬂtew{?r? & suldrated fof hlaRfleepieadel SonE fiRs lahd Producirghinterdigital
reac '

i ntegral sphere e photomultiplier. Thus, the existence of the

defect is alsp, DGuSkel SSAW deVidhl ShARPBE HadS ontl G e Adnord VubbtPRES which Badsed the

examination. The samples which fail in the examination should be rejected without making
piezoelectric films and interdigital transducers (IDT). The estimation can save much time,
5 energy and resources.
[EMBODIMENT 2: Measurement of propagation loss on samples having piezoelectric ﬁlms]
The previous test tells us that sample A and sample B of less than 300 defects/cm’
are immune from electrode breaking. However the defect estimation is not sufficient to
know the performance of SAW devices which are going to be made by depositing
10  piezoelectric films and electrodes on the diamond substrates. Then, actual propagation loss
was measured on SAW devices made by depositing piezoelectric films on the dia/Si wafers of
sample A and sample B which passed the defect test and forming interdigital transducers on
the piezoelectric films. No SAW devices were made on samples C to.J which failed in the
defect test.
15 1. Formation of piezoelectric films
Piezoelectric ZnO films of a 1050 nm thickness were formed upon the dia/Si
substrates of sample A and sample B by an RF sputtering method.

(Condition of formation of ZnO piezoelectric film)

Substrates dia/Si wafers : sample A, sample B
20  Target ZnO sintered plate
RF power 500 W (13.56MHz)
Reaction gas Art+O, Ar.0~=1:1
: gas flow 50 sccm
Gas pressure 20.0 Pa (152mTorr)
i 25  Substrate temperature 150C I —
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surface defect detection apparatus which is inherently directed to

exanm ning Si wafers can now be diverted to the exam nation of defects and
dust on di anond surfaces by coating the object dianond with a thin opaque
| .ayer. D anmond filns are now exam ned by the |aser scanning
surface defect detection apparatus. The Inventors di scovered that the
critical density is 300 particles/cnierr] of the surface defect for

di amond films by Speed efdspesitioni ons. Di amdmavmin ms whi ch have nore than 300
particles /cnferr] defects shall be rejected for the substrate of SAW

devi ces. The di arfthicknessi | rs wi th def ect 188hwn({}05 e t han 300 particles
/cnerr] shall be adopted as a substrate for SAW devices. The npst

i nportant factor Gompléxewsfersiof ZeO/id/Siokerd aade frymfsamplas i 4id® hothe aboverwly,
films as the substrate of SAW devi ces. The surface roughness Ra of
di anond fil ms ha2. Rermatibh ofdleinupofilnishe qual ity of the SAWdevices in
addition to surface defects. The surface should have a surface roughness
Ioge{ t[lan R?520 nm | BO A tthiek | shiminki@S Glrhd SRrd3BeddiNed iupod Ithé Zn@Diknd @r ivaking
substrates o

electrodes by a DC sputtering method.

(Condition of forming aluminum films)

DC sputtering power 1.0 kW
Reaction gas - Argas

10 ' gas flow 50scem
Gas pressure 1.0-Pa (7.6mTorr)
Substrate temperature room tempeta:tgre' .
Thickness ' 80 nm

This step madé further complex wafers of Al/ZnO/dia/Si.
15 3. Production of interdigital transducers
Interdigital transducers having the following parameters were formed by eliminating
parts of the aluminum layer selectively by photolithography. (]

———3 (Parameters of interdigital transducers)

Line Width of IDTs 0.8um (central frequency = 1.75 GHz)
20  Number of stripes 40 pairs double stripes (regular type)
Aperture of IDTs 50 X wavelength

(wavelength = 8 stripe widths A =64z m)
Distance betweea the centers of input- and output- transducers 50 X wavelength
Fig.15 shows the IDT pattern. A unit pattern consists of two sets of stripe pairs.

25 Two neighboring stripes belong to the same transducer. Four stripes construct one

26 .
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SAW devi ces. The roughness is the second criterion for estimating the
quality of dianond filns. Anot her factor is the size of a

di anond- coati ng wafer. Raising productivity requires a wafer size of nore
than 2 inches of dianeter. Nanely, the surface area should be wi der than
19cnierr] in the case of a circular wafer. | nner stress is a
further factor for defining a desirable dianond-coated wafer. If a

;re %gl WW?T elroe i ls%?l r t g&‘:h@ RAGthlaiank i BGudlRs ﬂﬁr widBl 6fd @tipe. SThe waveleditieis eight
times as long as the stripe width (1 =8d). Thus, SAW devices shown in Fig.9 have been
fabricated.

Transmission loss and the conversion loss of the SAW devices were measured by a

5 spectrum network analyzer (HP8753c). AC power of 1GHz to 2GHz was applied to one
side electrode (electrode 1). The electric power of the input electrode 1 and the electric
power of the output (counterpart) electrode 2, that is, scattering parameters were measured.

S11 is a reflection power ratio which is a quotient of the reflected power to the electrode 1 to

the input power of the electrode 1, when the AC power is supplied to the electrode 1. S22 is

10  a reflection power ratio which is a .quofient of the l;eﬂected power to the electrode 2 to the
input power to the electrode 2, when AC power is supplied to the electrode 2. S12is a
transmission power ratio which is a quotient of the power arrived at the electrode 2 to the
input power to the electrode 1, when AC power is supplied to the electrode 1. S21is 2
transmission power ratio which is a quotient of the power arrived at the electrode 1 to the

15 input power to the electrode 2, when AC power is supplied to the electrode 2.

Fig.10 shows the transmission power ratio (S12) as a function of the frequency of
signals. The aBscissa is the frequency (MHz). The ordinate is the transmission power ratio
(dB). 1.78 GHz (1780 MHz) gives a peak of the'transmission- power of -8.2dB. The
frequency correspoﬂds to f=v/ 1, where v is the speed of the SAW and A is the spatial

20  wavelength of the interdigital transducer which is a predetermined parameter, as shown in

Fig.15. It is a matter of course that the transmission power ratio is the biggest at 1.78GHz =

v/A. The maximum transmission power ratio is -0.82dB. The loss 8.2dB includes all the
resistance loss at electrodes, the bilateral loss and the conversion loss. The real transmission

loss can be calculated by subtracting these losses from the total loss 8.2dB.

25 The resistance loss is calculated to be 1.0 dB for an electrode stripe of a 80nm
M




Di stortion of the nother substrate deforns or bends the dianond fil meither
hn.a convex or in a concave. The defornmation of the dianond filmreflects
the laser light unevenly. A slight slanting of the wafer forbids the
reflected light fromgoing out through the outlet U and forces a part of
the reflected light into the photonultiplier. Thus, inner stress should be
weaker than 1.5 X 10[err] Pa (150MPa=1500bar). Besides, the distortion

e Per Toner ;@lgglgﬁ?s b3 0% Pl wi dt‘ﬂ{] U1 ARRET bd R"BcbBecatisd @%@@P@m&a&t the
Car bon |5 al s RSt IASFABRS, Aié o Saf and e ?2"8?%??2 7t bRl o is gown
om0t hi oknedom h{ééogs"i‘gfidaehgte FeROnS S0 6 ‘é’}?/ AhACELs orthe S ds %H%tﬂafﬁodB
filmfor SAWdevices in the present invention. (1) defect densit r]
300/ cnferr]  beh farr$Hcend frghads sTheceorvResiam ks Copurs e Hoth the 1@9% r%[l& the output
| B electrodes. Then, the conversion loss is 0.6dB at both electrodes. The sum of the
resistance loss, the bilateral loss and the conversion loss is 7.6dB. The total loss for
1.78GHz is 8.2dB from S12. The propagation loss is only 0.6dB which is a difference
between the total loss 8.2dB and the sum 7.6dB of the three losses. 0.6dB is a small
propagation loss..
! 10 This is the total propagation loss along the whole path from the input electrode to the
| output electrode. The distance between the cen'ters of the electrodes is 50 times as long as
the wavelength. The propagation loss per wavelength is 0.012dB which is calculated by
dividing 0.6dB by 50 4. The propagation loss 0.012dB/ A is a very small value for such a
high frequency 1.8GHz. The low propagation loss is a very conspicuous advantage of the
15  SAW devices of the present invention. Table 1 shows that sample A and sample B are free
~ from electrode breaking. Sample A has a surface defect density of 80 particles cm™ which is
far lower than the critical value 300 particles cm?, Tﬁe surface roughness of sample A is
Ra7.2nm. Sample B has a higher defect density of 287 particles cm? which is still lower
than 300 particles cm®.  Sample B exhibits the roughnesé of Ra8.2nm. Both sample A and
' : 20  sample B are endowed with low insertion loss of about 10dB.

Other samples C to I have definite electrode breaking rates and low yields for
producing SAW devices. SAW devices have been fabricated on samples C to I in a similar
manner. The electrodes of the SAW devices aré examined by electric property measurement,
optical microscope observation and electron microscope observation. Some SAW devices

25  are suffering from electrode breaking. Others are immune from electrode breaking. The
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(4) inner stress [err] 150MPa (5) carbon overcoating [err] 10 nm

Instead of a film a freestandi ng, honogeneous di anond substrate w t hout
foreign material substrate is also available. In the full dianond
substrate, the thickness of the dianmond crystal should be 100 [err] mto
2000 [err] m The conplete dianond substrate makes excellent SAW devi ces.
Conpl ex substrates having a foreign material, e.g. silicon, substrate and a

diamond film éﬁ'@?éfhéﬁgoﬁ S‘E\R’Sﬂ'&ﬁéés%{nﬁ)o%t Glecﬂr@deg&*éﬂ&ﬁé ardRsted USAIITtRé sdrhysles of C to I
substrate of SAW devi ces. not her foreign material should have a

: E;CEQEZ%?EX*?SES&#’F%"“ﬁgg ?‘%”ego‘“ 11 R, &%‘ﬁéﬂ%“‘%‘.’%@%‘n* veflh i, el aphic

;BL(S:{( P gf 2 ngth_ﬁB 1esm)ﬂﬂe pxezoelec ﬁ?ms of sr.ta%p es E%g it J1' Jrface d fégts T'alkHond films

worsen the crystallographic properties of the piezoelectric films. The bad crystallography of
5  piezoelectric films raises the propagation loss of the SAW devices made on samples C to I.

_ This invention examines surface defects of diamond films or bulks by covering the
object diamond surfaces with thin metal films and measuring defects by the laser scanning
surface defect detection apparatus. The preliminary examination can foresee the propérties
of SAW devices which will be made on the diamond crystals. SAW devices should be

10  fabricated only upon the samples having diamond surface of small defect density, for example,
less than 300 particles cm™® Here, the definition of a defect includes the critical size which
depends upon the period of the electrodes. Thus, the défect density of the sathe diamond is
different for different periods of the electrodes of SAW devices. Low defect density
diamond films or bulks bring about zero or small enough electrode breaking rates when

15  electrodes are made thereon. Low propagation loss SAW devices can be produced by
depositing piezoelectric films on the low defect density diamonds and making interdigital

transducers on the piezoelectric films.
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- 13 - Wd have a roughness | ess than Ra20nm In
t he roughness of the dianond filmpreferably is |ess

part I cul ar

t han Ral
t hi cknes:

di anondkant

O [err]
substrat

T

t her conplex substrate, the nother substrate thickness should be

!

@‘“\:ase of a honogeneous full dianond substrate, the
{err] mto 2000 [err] m (7) in the case of a

mto 2000 [err] m (8) in the case of a dianond/ not her conpl ex

e,

10

15

20

25

the dianond fil mthickness sho@IAIMS nore than 1 [err] m

1. A diamond wafer comprising:

a bulk diamond single crystal or polycrystal substrate synthesized by an ultrahigh
pressure eynthesis method or a vapor phase deposition method or a diamond substrate
consisting of a diamond board or another material board and a single crystal or polycrystal
diamond film synthesized upon the diamond board or another material board,

characterized by surface defect density of less than 300 particles cm® which is
measured by coating the diamond surface with a thin opaque film, launching laser beams to
the coated diamond surface from a laser scahning surface defect detection apparatus for
letting the laser beams reflect at a surface of the coating film and an interface between the
coating film and the diamond surface, and countifxg the beams scattered by surface defects or

particles on the diamond surface.

2, A diamond wafer comprising;

a bulk diamond single crystal or polycrystal substrate sjrnthesized by an ultrahigh
pressure synthesis method or a vapor phase deposition method or a diamond substrate
consisting of a diamond board or another material board and a single crystal or polycrystal
diamond film synthesized upon the diamond board of another material board; and

a piezoelectric film deposited upon the diamond substrate or the diamond film;

characterized by surface defect density of less than 300 particles cm? which is
measﬁred by coating the biezoelectric film surface with a thin opaque film, launching laser
beems to the coated piezoelectric film surface from a laser scanning surface defect detection
apparatus for letting the laser beams reﬂect at a surface of the coating film and an interface
between the coating film and the piezoelectric film surface, and counting the beams scattered
by surface defects or particles on the diamond surface.

3. A dlamond wafer as claimed in claim 1, wherein the diamond substrate is used for
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(9) the surface roughmess—of the dianond filmor substrate should be I|ess

t han Ra20 ough many proposal s have been di scussed and
proved thm,",mmm, Wg’@ew ces woul d be superior in the SAWvelocity to

ot her materiats ransnd«SAW devi ces are suffering fromextrenely | ow
yield due to the |arge propagation |oss of the SAWdevi ces having

pi ezoel ectric filnms u on di anonds. The low yield resulted fromthe | ack of
the nethod-of aakingl SAWndevjces anrmiseaelestronit déivieso having yaring patteétanemd thecsurface
property of dianmond filmnms could not be neasured, SAW devi ces nade on the

pr oper t y- unknowdefiictanmbel coumyesitinlase defeste hiving Wthsv\lhigehtﬂa@\sﬁ%eﬁf theemyllest idimdf
rai sed the production cost. This invention provides an estinmation nethod

whi ch car~exarpmdring patterns add havingithérdelsths decpar thae D@fnﬁbﬂ(#g_%i' !ﬁg@ thanTolmng

di anond SAW devi ces. This i nventTomntrakes t he best u

scanning surfade defAdtantbﬁﬂ%fdr@ﬂcl@i?ﬂbiﬁﬁhhﬁn%ﬁé?exﬁrr@\?hhés‘i of the gidmdnd burface is
sem conduct or industries. The |aser scanning surface fect detection

appar at us caBnolesbthaeR0aned for exam ning diamond surfaces as it is.
Pr epar atory coating of thin filns of a nmetal or another opaque materi al
5. A diamond wafer as claimed in claim 4, wherein the diamond substrate has an area
which is equal to or wider than 19cm?.
6. A diamond wafer as claimed in claim §, wherein inner stress in the diamond crystal
is less than 1.5 X 10* Pa.
10 7. A diamond wafer _aﬁ claimed in claim §, wherein the diamond wafer has a distortion
height of less than 40 u m at a center for a reduced diameter to SOmm.
8. A diamond wafer as claimed in claim 1,.wheréin the diamond substrate consists ofa
diamond board or another material Board and a single ";rystal or polycrystal diamond film
deposited on the board by a vapor phase synthesis method, the thickness of the board is 0 to
15 2000 z m and the thickness of the diamond film is more than 1 z m.
9. A diamond wafer as claimed in claim 1, wherein the thin opaque film coating the
diamond surface for estimation is a metal film or a non-metal film of a reflection rate of more
than 50%. |
10. A diamond wafer .as claimed in claim 9, wherein the metal film coating the diamond
20  surface is an aluminum film deposited by sputtering.
11. A method of estimating a diamond wafef comprising the steps of;
coating & surface of the diamond wafer with a thin opaql;e film of a thickness less

than 100 nm, launching laser beams to the coated diamond surface from & laser scanning

‘surface defect detection apparatus for letting the laser beams reflect at a surface of the coating

'25  film and at en interface between the coating film and the diamond surface, and counting the
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enabl es tMrface defect detection apparatus to exam ne

t he def ect
def ects an

faces. The exam nation reveals the density of
y u"ﬂﬂ 'r&"!’ films or bul ks for determ ning whether
plezoelectrwc ctrodes should be made upon the di anond sanpl es

at a prelimnary step. D anond crystals having defect & dust
- 14 - denS|ty of nore than 300 particles cnferr] cannot form good

pi ezoel ect ri ¢ pehmBcattefbdd9Qdrfatedetecti & particles anedianond wefacsipon. Hi gher
defect density than 300 particles cnferr] |owers the y| eld by inviting

electrode bregki ng o ntrd3"astedifiel in clhA ) Uhetéid Bfeohaghe Rl FEEatilg M Hi¥mond

10

15

20

25

wafer is a metal film or a non-metal film of a reflection rate of more than 50%.

13. A method as claimed in claim 12, wherein the opaque film for coating the diamond
wafer is an aluminum film deposited by sputtering.

14. A diamond surface acoustic wave device comprising;

a bulk diamond single crystal or polycrystal substrate being synfhesized by an
ultrahigh pressur.e synfhesis method or a vapor phase deposition method and having surface
defect density of less than 300 particles cm? or a diamond substrate consisting of a diamond
board or another material board and a single crystal or polycrystal diamond film being
synthesized upon the diamoﬁd board or anothef material board and having surface defect
density of less than 300 particles cm?; |

the defect density being defined by d=W/2 and h= 10nm, where d is a diameter of a
defect, W is the minimum width of electrodes and his a depth or a height of the defect;

a piezoelectric film deposited on the diamond substrate; an(i

interdigital transducers produced on the piezoelectric film;

wherein the defect density is measured by coaﬁng the diamond surface with a thin
opaque film, launching laser beams to the coated diamond surface from a laser scanning
surface defect detection apparatus for letting the laser beams reflect at a surface of the coating
film and an interface between the coating film and the diamond surface, and counting the
beams scattered by surface defecfs or particles on the diamond surface.

15. A diamond surface acoustic wave device comprising;

a bulk diamond single crystal or polycrystal substrate being synthesized by an

ultrahigh pressure synthesis method or a vapor phase deposition method and having surface

defect den51ty of less than 300 particles cm or a diamond substrate consisting of a diamond

—_—
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| over t hmmerr] pass the exam nation. The passed di anond

enabl es roduce | ow | oss SAWfilters available for high
f'requency IIM@; ,ﬁl ezoelectric films and making interdigital
transducer$ on sur f aces. Exanpl es of the invention

wi [l be described W|th reference to the several figures of the

acconpanyi ng drawi ngs in which: Fig.1is a schematic front view of

a diamond cryghalg Bla &gelt HfatérRl Pohtd* AR %Uklhglgl fi’gstalo Br %&%a&ﬁmeﬁd FAW being
devi ces. IS a-section o as of a crystal

cou e 2 geialeld L onal bk ik 8 i B g R

defect on a diamnd surface w thout coating, vvhere a |l aser beam penetrates
a transparent dﬁ!‘%ﬁ‘(ﬂfae%‘rt 300 particles cm™, 7 3(p) is a view of ‘a defect on
a di anond surface coated W|th a netal film where a Iaser beam can det ect
the defect by bei ngtheeﬂqf&tdénﬁlﬁtbem&dﬁn‘PébYﬁM%éndh 10nm, where d is a diameter of a

5  defect, W is the minimum width of electrodes and h is a depth or a height of the defect;
_ interdigital transducers produced on the diamond substrate; and
a piezoeiectric film deposited on the interdigital transducers and on the diamond
substrate;
wherein the defect density is measured by coating the diamond surface with a thin
10 . opaque film, launching laser beams to the coated diamond surface from a laser scanning
surface defect detection apparatus for letting the l?ser beams reflect at a surface of the coating
film and an interface betweep the coating film and the diamond surface, and counting the

beams scattered by surface defects or particles on the diamond surface.
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Fig.4 is a sectional view of a | aser scanning surface defect detection
appar atus which has been used for exam ning surfaces of silicon wafers.
Fig.5 is a sectional view of a Si substrate and a di anond fil m deposited on
the Si  substrate by a m crowave plasma CVD (chem tal vapor deposition)

met hod. Fig.6 is a sectional view of a Si substrate and a di anond
filmpolished by a dianond el ectrodeposited whetstone. Fig.7 is

a sectional vi VIAAMONIW/AFER MIETROD BIOESTRUATING 0 BIAMICHD WAKER ARD

the di amond/ Si substrate. _ secti1onal view of sanpl e
having an al um num fi1m cogjRioRib SURFACE ACOUSTIC WAVE DEVICE

ABSTRACT

| Surfaces of diamond crystals are examined by coating the surfaces with thin metal

5 films, launching laser beams to the diamond surfaces in a slanting angle, detecting defects and

particles on the diamond surfaces by the scattering of beams and counting the defects and

particles by a laser scanning surface defect detection apparatus. Diamond SAW devices

should be made on the diamond films or bulks with the defect density less than 300 particles

cm?  Preferably, the diamond surfaces should have roughness less than Ra20nm. Diamond

10 SAW filters can be produced by depositing a piezoelectric film and making interdigital

transducers on the low-defect density diamond crystals.
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ZnQ di anond/ Si substrat e. Fig.9 is a sectional view of a sanple
having interdigital transducers made by selective etching of the alum num
filmby |ithography. Fig. 10 is a graph of the frequency
dependence of S 12 of an enbodi nent SAWfilter of t he present invention.
The abscissa is the frequency (MHz) and the ordinate is the electric power

ratio (dB). Fig. 11 is a graph of the frequency dependence of S1 1
of the same SAWfilter. The abscissa i the frequency (MHz) and the
ordinate is the electric power ratio ( 2; i_ Fig. 12 is a graph of
the frequency dependence of S22 of the sane&BAWfilter. The abscissa is

the frequency (MHz) and Hwg<01¢ paie is the electric power ratio (dB).
| Defect density :;3()0//0IIF

i ' Carbon layer d<10nm
| . S>19 crf
Diamond P< 1.5X16Pa

Fig.2

d_g/lOOnm
Metal film ——

Diamond

Fig.3(a)

diamond

diamond
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Fig. 13 is a section of a particle of dust lying on the dianond surface
whi‘ch scatters |aser beans in random directions. Fig. 14 is a
section of a defect which scatters a | aser beam Fig.15 is a plan-
view of a part of an exanple of an interdigital transducer.

D anond can be synthesized by two nethods. One way produces a di anond bul k
crystal fromcarbon at a high tenperature under ultrahigh pressure. This
bul k- pr oduct i on met hod is called an ultrahigh pressure synthesis. The

ot her way produces a dianond thin filmon a nother substrate by supplying
hydr ogen gas, hydrocarbon gas to theéfipt bstrate, exciting the gas
by heat, light or mcrowave, inducing-a aghrca ‘reaction of the gas and
depositing the reaction product on the nother substrate at a high
tenper at ure under reduced pressure. This filmproduction nethod is called
q vapor phase synthesis. Both. <oB{hods SAEdLOUERIO! de tkatbon Sppatetus
crystal s and di anond pol ycrystals. This i nvention can be applied both to
single crystals. and pol ycrystal s of di anopd

tomultiplier

integration

haft

——
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However, the ultrahigh pressure nmethod can nmaeke only a small-sized di anond
crystal. A big dianond wafer of an area wider than 19cnfer] (2 inches in
di aneter) can be - 16 -
produced only by the vapor phase synthesis. In any cases, synthesized

di anond crystals have sone surface roughness which forbids nmaking a

uni form pi ezoel ectric filmon the dianond. Then, the dianmond film should
be polished mechanically or chemcally. This invention makes a

di anond crystal shown in Fig.2 by synthesizing a dianond crystal from
material s by the methods, polishingjtfe.synth | zed di anond crystal and
coating ?; :

Synthesis of diamond by microwave plasma CVD

-diamond

Fd
—-Si substrate

Fig.6

Flatteninig of diamond surface by polishing

O S TR IRy (i} -d i amond

i : vy S :;Aé’Si substrate
i ’ P 4 7’ 7 7 4 7 ’
| <, < yd . Vi VA .4v4 Vd <.
5 o
Fig.’7/

Formation of ZnO film by sputtering
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Fig.8

Deposition of Al film by sputtering

Al
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diamond

ANV AR AN SN AN N AINN A N N S N NN A NN SN NN AN NN
BT ST AT T I

‘ﬁBE&E&SS&NSQNEQN&E&B&SSSQ?

i substrate

Fig.9

Formation of electrodes by photolithography
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the polished dianmond with a thin netal filmof a thickness |ess than 100nm
The di anond crystal is then exami ned by the | aser scanning def ect
detection apparatus shown in Fig.4, The netal thin filmreflects the |aser
beans at point (T) to the outlet (U), if no defect exists at point (T).
Hereafter the word "defects" broadly include intrinsic, crystallographical
defects, hillocks , protrusions, concavities and dust particles on a
crystal surface in the description. GCeonetric defects of the dianond are
transcribed to the nmetal surface as sh!ﬁh'i Fiqd gQb). If a defect (a dust
particle or an intrinsic defect) lies l+£;iwn ace between the neta
and the diannnd,t?ﬁ?Q%ﬁkﬁ beans are scattered to sone spots of the

i ntegration sphere eumP%WET refl ected again tosige photonul tiplier. The
phot onul ti plier senses(@g defects (dust partictes or inherent defects) at
point (T) by an increase“dt the ph tocyrrent. Jcannfng fhe Tntegratijon
sphere on the wafer reveal two-di grensilonal| dispribltiah of {t he fdef ects
i ncl udi ng i nherent defect|s anjdg pafticles. [300 |partjclef \‘n[err] ils the

/
critical value for defect [fensiiy. [ Drayond wWaffers Jravi g & defgct—gensity
of nmore than 300 particle L cnflerr shoul dlbe rlej ected, | Ditagond
p
-50 J—\
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| p
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waf ers of a defect density |less than 300 particles /cnferr] pass the

exdm nation. A dianond substrate with a thin carbon coating of |ess than
10nmis permtted for a dianond substrate for produci ng SAW devi ces.

Pref erabl e roughness of the coating carbon is | ess than RalOnm But |ess
than Ra 20nmis all owable for the surface roughness of the carbon coating.
Preferably the dianmond filmshould be mﬁder than 2 inches in dianeter
(19cnferr]) for the standpoint of thela 3: fer processes. However
SAW devi ces can beléebricated on a di nnﬂggﬂgf ess than 19 cnferr] as

| ong as the wafer saposéres the other reqU|§enents
- 17 - (dB)

-10
1000 1500 | 2000
Frequency (MHz)
Fig.13
laser begms p
|
|
i laser beam
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The met hod of fabricating a SAWdevice is explained by referring to Fig.5
toFig.9. A honogenous dianond bul k crystal nade by the ultrahigh pressure
synthesis can be a starting substrate. However, this exanple adopts a
di anond/ not her conpl ex substrate made by the vapor phase synthesis nethod.
Thi s exanpl e shows a substrate consisting of a silicon (Si) nother wafer
and a dianond fil mdeposited on the silicon wafer by the microwave plasm
CVWD nmethod. Si single crystal wafer is the nost popul ar nother board. O
course, the Si wafer in Fig. 5 can be replaced by a wafer of nolybdenum
(Md), nickel (Ni), alumnum nitride (AIN), alumna (Al[err](err]),
gal lium arsenide (GaAs) or so. A wafer having a dianmeter nore than two
inches (19cnferr]) is desirable for the viewpoint of production efficiency.
he synt hesi zed di anond filmhas a rugged surface having a plenty of
concavities and convexities. Then, the dianond surface is whetted by a
di anond- el ectrodeposited mhetstone whi ch is produced by el ectrodepositing
dlannnd powder on a turn-table. Fig.6 shows a dia/Si conplex wafer
pollshed and flattened by the di anond-el ectrodeposited

Fig.15
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/ ‘\',.
V\,h/et_‘_s{bne. The surface roughness should he less t '
surfriace should be further flattened to & snoothn

f
o
flattened (dia/Si) wafer is nowtenp%ril %oat ed 22
thin netal, e.g., alumnumfilimas sh

%@p : HPag

1 Drpy, a@z)b P%/-e%arﬂaﬁeﬁi--
by the | aser scanning surface def ect del'@é’tflwg’p J Abstragt;  ‘maged. S de paged —
searching the defect density. The test cladi

he surface roughne
([err] Ra20nm, the defect density ([err]300 part CDM‘ECWGREDEMQ“]?JJAL‘L...
carbon coating thickness ([err] 10nm of the obj

failing the test BIAMONDWARBRMETHOD OF ESTINDLW N\BL&MQNMW&B@W
the test are enpl oyed as substrates of SAWdevices. The netal thin filmis
removed fromthe wafer. A PIAMEGNDSURRACE MGOUSTEHWAVEDEVICE t he wafer,
for exanple, by sputtering. Fig.7 shows a zinc oxide (ZnO filmfor the

pi ezoelectric film Oher piezoelectric materials, e.g., PZT, LiNb(err]
and Li Ta(Q err] are also available. A netal film e.g., Al film is. further
formed on the piezoelectric filmby spuDESCRIRTION :

O N\ D J

This invention relates generally to a diamond wafer and a surface acoustic wave
(SAW) device produced on the diamond wafer. This invention relates more specially to a
method of estimating diamond wafers which judges whether 2 diamond wafer is suitable for
producing SAW devices or not. The estimation selects diamond wafers that have a low
density of surface defects which enables manufacturers to produce a low loss SAW device.
The diamond wafers can also be used as the substrates of microelectronic devices with
microscopic wiring or the substrates of micromachines with microst_:opic structures.

Diamond enjoys the highest sound velocity among all the natural materials. The
hardness is also the highest. The thermal conductivity is large. The band gap of diamond
is 5.5¢V which is an extremely high value among all known materials. Diamond is excellent
in dynamical property, electrical property and electronic property. Diamond is used. for
dynamic devices and electronic devices that can take advantage of its excellent properties.
Imﬁrovements have been made by taking advantage of the outstanding properties of diamond
in the technical fields of acoustics, optics and semiconductor. Exploitat%dn of diamond will
be effective for improving various properties of electronic, acoustic devices or for enlarging
margins of operation of the &evices. |

A surface acoustic wave device (SAW device) is a good candidate for the use of
diamond for improving its characteristics. Surface acoustic wave devices can be configured to
be, for example, 2 radio frequency filter, a phase shifter, a convolver, an amplifier, etc. The
SAW filter acts as an IF (intermediate frequency) filter of telew)i;ion Sets or.various filters of |

communication devices. A surface acoustic wave device is a device having a rigid base, a
This is the replacement sheet
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- 18.- evaporation. Fig.8 shows the Al/ZnO' dia/Si wafer. Photolithography
produces interdigital transducers on both sides on a SAWchip by nmasking
the netal filmwith a resist and etching of the nmetal by an etchant. Fig.9
shows the interdigital transducers fornmed on the wafer by

photol i t hography. There are various types of interdigital transducers.

Fi g. 15 denotes an exanple of an interdightal transducer which consists of
two branches having two reciprocally factng parallel stripes in a

\rl\g;/gi ength [ %riégoelect%ml sl\t{.lEcl\kn;.o jtfxe :dx&]:ieb%e &inedn ﬁxte&yigﬁﬂdtrﬂs&fctefsoﬂﬁngr &Kt G@nds of
the piezoelectric film. Apblication of an AC voltage on the interdigital transducer causes an
AC electric field on the piezoelectric film which deforms in proportion to the electric field.
Since the electric field oscillates, the piezoelectric film altemativelly expands and contracts in
the horizontal direction between two interdigital transducers at the same frequency as the AC
voltage.
The piezoelectric film oscillates in the horizontal direction with the frequency of the
AC signal. Since the piezoelectric film adheres to the rigid base, the rigid base also
oscillates at the éame frequency in the same manner. Since the rigid base repeats expansion
and contraction at the interdigital transducer (IDT), the oscillation propagates as a
longitudinal elastic wave on the surface. The AC voltage applied on the interdigital
transducer generates an elastic wave. The wavelength is determinéd by the period of the
interdigital transducer. The elastic wave spreads from one interdigital transducer to the other
interdigital transducer. The piezoelectricity is réversible. At the receiving interdigital
transducer, the deformation oscillation induces an AC voltage between the components of the
electrode. As a wholé, the AC signal propagates from one interdiéital’ transducer to the other

interdigital transducer by the elastic wave. The wave is called surface acoustic wave (SAW),
because it propagates on the surface of the device.

l The period of the interdigital transducer uniquely determines the wavelength 2 of
| the surface acoustic wave. The rigidity and density of the rigid base determine the velocity v
of the SAW. The more rigid and lighter base brings about the higher SAW velocity. SAW
velocity v is different from souhd velocity which is equal to a square root of Young's modulus
| | E divided by density o. As with sound velocity, thé_SAW velocity is higher for the rigid
| base of higher Young's modulus and lower density. A sound wave is an elastic wave pasSing

through an inner portion of a material. SAW is another elastic wave propagating only on the

This is the replacement sheet
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A SAWdeV| ce is fabricated by a series of steps of growing a dianond film
on & nother material substrate, polishi ng the dianond film depositing a
pi ezoel ectric film evaporating a metal filmon the piezoelectric film and
etching the netal filmthrough a mask. However, the estimation of the

di anond shoul d be finished before the formation of the piezoelectric film
Thus the el ectrode breaking rate should bgT measured by form ng

i'nterdigital transducers directly on the anond filmw thout depositing

the bl ez0e! e ate de-hihadffl, CQUN bl im SHGHSy e, DISRRKDCR) BOR T8RS higher

patterns. e di anon as a poor qua the interdigital transducers
Woul d break 6&1 ﬁ Elg& The fact or affectl ng the el ectrode breaking
rate has been Soug ? ormng an interdigital transducer directly upon

e R o S R L, T e AP L S AP
I/\;i:c g}rs of a 1rffﬁef(ﬁ$’(‘,§ %@é&%ﬁrmagf th%kphg'sxg roper'y g} te ggﬁwgase the r.{f'aeq ency et also
surely determined as f=v/A. This is a unique value. Since fis a unique value, it is denoted
by f;, Namely, the SAW device has a filtering function which selectively allows only the
SAW of f, to pass the device. @SAWs of frequency different from f, attenuate.
Transmittable SAW has a definite frequency f; which is determined by the material of the
rigid base and the spatial period of the interdigital transducers. SAW devices have been
applied to TV filters having a low allowable frequency of several megahertzs to tens of
megahertzs. Hopefully, SAW devices will be applied to far higher frequency filters, for.
instance, optical communication filters of 2.438GHz or wireless LAN filters in near future,
Raising frequency f, requires either narrowing a spatial period of interdigital
transducers or increasing a SAW velocity v The spatial period of interdigital transducers is
limited by the current lithography technology. The only way is the increase of velocity v.
| Diamond, as a rigid base, exhibits the highest SAW velocity among all na.turel materials.
The apphcanon of diamond to SAW devices attracts attention. Dlamond endows the SAW
devices with the highest velocity whxch affords a moderately wide spatial period to the
interdigital transducers.
High velocity is not the only requisites for a material used for SAW devices. Low
propagation loss is another important requirement for SAW materials. Loss is a key concept
| of the present invention. There are different losses in addition to the propagation loss.
Losses are now briefly clarified. One is the lIcpule loss AEr by the resistance of the
interdigital transducers to which electric power is supplied. Another is an eleceromechanical

conversion loss A Ec of energy accompanying the expansion and contraction of the

This is-the replacement sheet
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suppl y| ng hydrogen gas contai ni ng met hane gas of 2 vol % and exciting the
m xture gas by the microwave plasma CVD nethod. 100 sanpl es are produced
by growi ng 100 dianond filnms on 100 Si wafers along the same way. The
surface roughnesses of the as-grown dianond wafers are, in general, nore
than Ral [err] m (Condition of growi ng dianond fil ns)

-+ 19 - Substrate . _ -d- silicon wafers: thickness 1
nm M crowave power — 150 W

piezoelectric matenal by the AC electric field. The loss depends on the electromechamcal
coefficient of the piezoelectric film.  The interdigital transducer which converts electric
power into mechanical power through the piezoelectric film has no selectivity of direction.
The surface acoustic waves propagate in both directions perpendicular to the stripes of the
interdigital transducers. Just half of the mechanical power spreads toward the counterpart
interdigital transducer. Another half (6dB) is a loss. This is called a bisection loss AEb.
" Now a SAW starts from one interdigital transducer and some of the SAW arrives at the other |
interdigital transducer. The difference between the starting SAW power and arriving SAW
power is the propagation loss AEp. The aim of the present invention is a reduction of the
propagation loss AEp. At the other interdigital transducer, the piezoelectric film converts
| the mechanical power of SAW into electric power of AC voltage with a conversion loss AEc.
i The current flows in the receiving interdigital transducer with a resistance loss AEr.
Total loss is a sum, 2AEr+2AEq+AEb+AEp, _of the resistance loss 2AEr, the
conversion loss 2 AEc, the bisection loss AEb and the propagation loss AEp. AEr is

contingent upon interdigital transducers. AZEc is ruled by the piezoelectric material.

Geometry decides AEb. Only the propagation loss AEp depends upon the insulating
material (rigid base). This invention aims at alleviating AEp.

The insulator which has been most widely used as the material of the rigid base is
| - glass. Glass is an inexpensive and low-loss insulator. ZnO/glass SAW ﬁlfers have been
popularly employed as TV intermediate frequency filters. Zinc oxide (ZnO) is a
piezoelectric material. ZnO/glass means a SAW filter having a glass substrate and a ZnO
film deposited on the glass. In spite of low-loss and low-cost, glass SAW devices cannot
raise operation frequency f, owing to the low SAW velocity v. Somebody has proposed new
SAW devices having a hardér rigid base fhan glass, for example, sapphire, qﬁa.rtz, LiNbO,l and

so on. These new materials give higher SAW velocity than glass owing to high Young's

This is the replatement shee
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Mat eri él gas - - ' met hane + hydr ogen '
CHerr]:Herr] = 2:100 flux 50

sccm Gas pressure 40 mlorr
Tenper at ure(substrate tenperature) 800[err] C Thickness
35 [err] m The mcrowave CVD made_di.a/ Si conpl ex wafers as shown

in Fig.5. The 100 sanples were polished by=a polishing machi ne having a
di anond whet stone. The polishing brought about even dia/Si wafers having

good smoot hnes syQfuldses Slolwever, a3 @Elgcx{x&"‘bf Qﬁﬁlﬁ&t§AWfdclvﬁ:§§ quBR SAW devices or
particles cnferr] defects whi ch were bigger than 0.5 [err] min dianmeter as

shown in Fig. 6.1 (86, SXM &fel Lo SHINE S £ct&g?%ﬂi@ﬂm§e£¢y n&rw%&ﬂm{ﬁa kHe fBst

The X-ray di ffraction pattern was exam ne ray diffraction

appar at us. Thepg a%isfn@%uaﬁpa&%ﬁmes gﬂ@gw% Wvﬁ&x@td’u@%th‘éfcx@erﬁ@ﬂiﬁl@iﬂ | ayer

on the-di anond The ness o ca

| Diamond SAW devices enable the current lithography technology to pattern
: " interdigital transducers for a frequency higher than 1GHz owing to the high SAW velocity v.
| However, the propagation loss AEp is still large in diamond SAW devices. The large
propagation loss AEp leaves diamond SAW devices impractical. It is difficult to make a
wide, flat, even, smooth and defect-free diamdnd film covering the whole of the device due to
the extreme rigidity of diamond. It is further difficult to make a flat piezoelectric film on the
defect-rich diamond film. Even if the piezoelectric film is produced, it is still 2 piezoelectric
- film of poor quality. Many defects on the diamond surface and the shortness of the SAW
wavelength raise the i:ropagation loss AEp and leave diamond SAW devices inoperative.
Since the frequency f is very high, the wavelength 2 =v/f is reduced to a similar
size to the micro-.cavities and micro-convexities. Acoustic phonons building the surface
acoustics wave are scattered'by the micro-defects, because phonons are mostly perturbed by

the objects of the same size as the wavelength. Besides the high propagation loss AEp, the

defects-rich diamond film decreases the yield of SAW devices by raising the rate of electrode-
 pattern cutting. Nﬁcx;o-defects prevent diamond SAW devices ﬁ'om growing to practical
SAW devices through the large propagation loss AEp and the low yield. Here 'fyield"
means a ratio of the number of good products to the number of all products,
One purpose of the present invention is to produce diamond SAW devices having
‘low propagation loss.  Another purpose of the present invention is to enhance the yield of the
diamond SAW devices. In addition to SAW devices, this invention can b§ applied to raising
the yield of the production of microelectronic devices or micromachines making use of small

wire patterns with a breadth less than 5.0 u« m through reducing the rate of the wiring pattern

This is the replacement sheet
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| ayer was | ess than 10nm 2. Deposition of a piezoelectric film
Prelfmnarily 30nmthick alum num (Al) filns were deposited upon the
dianond filns of the dia/Si sanples by the DC sputtering nethod. The
alumnum filmcoating enables the |aser scanning surface defect detection
apparatus to exam ne the surface defects on the dianonds. (Condition for

deposition of alumnumfilns) Al um numfigmthickness 30
nm DC sputtering power — 1.0 kW Reaction gas

argon gas 5&t§E§m Gas pressure 1.0 Pa
(7.6mrTorr)

Higher frequency requires SAW filters to make a still better piezoelectric film. The
undercoating diamond film must be flat, smooth and defect-free for producing
(Diamond)/(piezoelectric material) SAW devices. For this purpose, a simple and reliable
estimation technique of diamond films is indispensable besides fabrication of good diamond
films. This invention proposes also a method for easily estimating diamond films.

Diamond films have been examined by observing micro-defects, micro-_conca.vities
or micro-convexities by scanning electron microscopes or atomic force microscopes. |
@ R. Gahlin, A. Alahelisten, S. Jacobson, "The effects of compressive stresses on the
abrasion of diamond coatings", Wear 196 (1996) 226-233
@ s. K Choi, D. Y. Jung, S$.X. Kweon, S. K. Jung, "Surface characterization of diamond
films polished by thermomechanical polishing method”, Thin Solid Films.279 (1996) 110-114

Microscope estimation is a straight and reliable method, since diamond surface is
directly observed by a microscope. However, the field of vision is too narrow. The

observation field is, e.g., about 102 mX10u m for a scanning electron microscope. In

general, a SAW device has a size of about 100z mX100um to 20000 2 m X 20000 2 m.
The area of a SAW device is far broader than the field of vision of microscopes. It would
take very much time to obsérve the whole surface of a SAW device by microscopes.
Microscope observation cannot be applied to the examination of diamond surfaces in the
process of producing diamond SAW dévic.es.

Namely, there is no estimation method available for examining diamond surface on an

industrial scale.

Producing diamond SAW devices requires a comprehensive estimation method of
examining the entier diamond surface at a stretch. If the diamond film can be easily

‘examined, one can judge whether a piezoelectric film should be deposited on it or not. If the

This is the replacement sheet
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- 20 - Substrate tenperature roomtenperature

Since the Al filnms cover the dia/Si sanples, the |aser scanning surface
defect detection apparatus can detect defects or dust on the di anond
films. This apparatus shoots slantingly the Al-coating dianond filmwth
|'aser beans, and neasures the power of the,light scattered fromthe
defects or dust by the photonultiplier(or-photonulti-tube). A defect is an

i nherent anormaly but dust is a foreign material |ying on the diapond. If ..
the di anond idiamendofiin iabad, ftheysample ﬁgwlétheeahﬁeﬂ%r@és‘{v%ﬂ% copting E!ftFD ﬁgP*F‘?"@iﬁ“m

power is weak. If the dianond is rugged with nmany defects, the scattered
| i ght power ifimst rAmther Farposkedfithe presertiinyention iste propsse atmethndef estmptingphysical
t he photocurrent. As shown in Fig.4, since the wafer is noved in

property (roughness, defects) of a diamond film.

The Inventors of the present invention tried to utilize a laser scanning surface defect
detection apparatus for silicon wafers to examine diamond films of SAW devices. Diamond
is different from silicon in many physical properties. A laser scanning surface defect
detection apparatus for silicon wafers cannot be readily used for estimating a diamond.
Indéed, a laser scanning surface defect detection apparatus has never been used to examine
diamond films. Fig.4 shows a schematic view of the laser scanning surface defect detection
apparatus.

The apparatus has an integral sphere, a laser, a lens and a photomultiplier. “The

inner wall of the integral sphere is a mirror. The integral sphere has an opening at the

bottom. The semiconductor laser (L) is mounted at a niche on a side of the integral sphere

for emitting an inspecting light beam slantingly down. The semiconductor laser can be
replaced by a gas laser, e.g. a He-Ne laser. The integral sphere has an outlet (U) on the other |
side for taking out a reflected beam. The inspection comprises the steps of mounting an
object wafer on a stage, bringing the bottom opening of the integral sphere close to the wafer
! (KTW), irradiating a point (T) on the surface of the wafer by the laser beam (LT), and
measuring the power of the reflected light (S). The incident beam angle is equal to the
refection angle. The laser (L) and the outlet (U) are determined to be symmetric in the
integral sphere. Then, LLTK=ZUTW. If the surface is flat, ail the reflected beams go
out through the side opéning (U). The photomultiplier detects no light. When a defect or. a
piece of dust lies on the object point (T), a portion of the laser beams is scatt_éred by the defect
or dust. The scattering beams .impinge upon other parts of the wall of the integral sphere.

The photomultiplier senses the scattered beams. Fig. 13 shows a bit of dust lying on the

This is the replacement sheet
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parallel or in spiral, the existence of defects or dust is exam ned at all
points on the wafer. In the neasurenent, the bias voltage of the

photonul tiplier is 550V. The rel ati on between the size of defect
and the scattered light power is prelimnarily determ ned by the steps of
coating a wafer with standard Latex granules of a definite dianeter,
measuring the power of the light scattered,at the granule, replacing the
Latex granules with Latex granul es of another dianmeter, neasuring the
power scattered by the Latex granul e again ang searghi ncp t he rel.ahiée? .
bet ween t he guefanelaf the wafsr. ofParalieblaserheamp are,ia %Ur*é?ﬂtg by the dust in cg{ecpﬂ%s
purpose is to forminterdigital transducers (IDTs) of a 1 [err] mline
width. The IB)\RG, etcs Refledted benmscixf muttexitwhidugh theeutlet §U) butl impingeripanikg mner
of the width have little influence on the electrode formation. But defects
with a |arge dizef ﬂ%riﬁtegﬁ@ﬁ dphbde Mid drbeeflovtell to the phomamultipléery | Thel pladtoinbitiplier
The I nventors considered that the critical size (d) of defects should be

det er ni ned asyg shiak thel htearing Nlighb RitwitiisenihivRy. | Thepibtgmulepliér denstiuihe esistence
For the formation of the el éctrodes of a 1 [err] mwidth, it is inportant

to know the ngbfrs fend Q?npling point (T) by an increase of its photocurrent. The bigger the dust is,

the stronger the scattering light becomes. The reflected light power is in proportion to the
size of the dust. It is easy to understand the scattering of light by dust. However, the
photomultiplier can also detect geometricai_ surface defects. Fig.14 shows a notch, a surface
defect, on the surface of the silicon wafer. Silicon has a high refractive index (n=3.5) and |
high absorption for the visible light emitted from the laser. The complex refractive index
n+k of silicon has a large real part n and a large imaginary part k for the visible light. Laser
light is strongly reflected at the interface between air and silicon. The notch (M) scatters the
beam in other directions (MH) than that of the outlet (U). The scattered beams are again
reflected by the inner wall of the integral sphere and arrive at the photomultiplier for
| -ge':neratin.g a photocurrent. The existence of dust or a defect on the object point of the silicon -
wafer can easily be detected by the random scattering of light beams.
Since a Si wafer is a wide disc, defects and dust of all the portions are inspected by
* moving the stage in the two-dimensional XY-plane with regard to the integral sphere. There
are two modes of movement of the stage. One is an assembly of rotation and parallel
displacement of the shaft. The sampling point (T) moves in a spiral. This mode is called a
spiral mode. The other is an assembly of x-direction displ#c‘ement and y-direction
displacement of the wafer. * This is called 2 scanning mode. The overall movement enables
the apparatus to detect dust or defects on the whole surface of the silicon wafer.
In the silicon semicondﬁctor industry it is well known to use a laser scanning surface

defect detection apparatus. It takes only a short time to examine a pretty wide silicon wafer
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defects | arger than 0.5 [err] m However w thout m croscope observation,

t-hes si zes of

i ndi vi dual defects cannot be neasured. Thus the defect was

identified by enploying Latex standard granules of a 0.5 [err] mdi aneter.

A threshold
-+ 21 - curr
0.5 [err] m

phot ocurrent was determ ned as the
ent induced by a standard granule of a 0.5 [err] mdianeter. A
di aneter defect will cause the sane increase of the scattering

i ght power as the 0.5 [err] m Latex standard granule. The scattered | ight

power is cal

bipr dieethstry stamhing sirfndadefeqr detattiom, apparaws.t hd/niike cobservation by 2

standard granules is uniformy determ ned. Thus the apparatus can sense
surface def egdigroscope, the apparatus can measure the number or the density of defects or dust

quantitatively over a wide range. However, the laser scanning surface defect detection
apparatus cannot be readily used to examine the surface of diamond.

Diamond is transparent for the visible light emitted by the laser unlike silicon.
Namely, the complex refractive index n+jk has a vanishing imaginary part k=0. The real
part n=2.4 is also lower than the real part of silicon. The reflection rate is r=(n-1)/(n+1) for
the vertical incidence. Since n is small, the reflection rate is also small. Transparency
allows the visible light to penetrate into the diamond crystal. Any notch (M) on diamond
cannot reflect the laser light in Fig.3(a). A visible light beam passes a diamond bulk crystal
without loss along a light path LMP in Fig.3(2). If a diamond film is fdmed on an opaque
substrate of a foreign material, the light passes the transparent diamond and arrives at the
interface between the diamond film and the substrate. The beam is reflected by the foreign
material substrate along the light path LNQ in Fig.3(2). Since diamond is transparent, the
reflection occurs not on the diamond surface but on the interface between the diamond film
and the substrate. For this reason, the laser scanning surface défect detection apparatus
cannot be applied to the examination of the surface of diamond. The Inventors thought that
the laser scanning surface defect detection apparatus is a promising candidate for an
inspection épparatus for diamond despite the difficulty of transparency.

To achieve the foregoing objects and in accordance with the purpose of the ihvention,
embodiments will be broadly described herein. |

One purpose of the present invention is to provide an improvement of the laser
scann“ing surface defect detection apparatus so that it would be suitable for examining surface
defects of diamond. Another purpose of the present invention is to provide a diamond

substrate which is suitable for use as the substrate of SAW devices by examining surface
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which are larger than 0.5 [err] min dianeter. Besi des the

di ameter d([err]W2), the depth or height (h) of a defect is another factor
affecting the electrode breaking rate. Here, the critical depth (or height)
i's determned to be 10nmfor a 1 [err] mw dth el ectrode. The defects
which satisfy dlerr]W2 and h[err] 10nm should be detected and neasured. .
Ten sanpl es were prepared by form ng diampgnd films on ten silicon wafers by
a simlar method. Ten sanples are synbolirzed by A, B, C ... ,J. Ten

sanpl es were gxand Rethe 1Wed RaARRR AL dbiae: derdclias GpyaeatdiNERe farnkkriplpose of the
def ect/dust nu erwaTgbl e lashgé\lfs the surface ro%%hnesses (Ra) gng’ def ect

nunbers of te nre§e"ﬁmv%@tion-ﬁg S% ﬁ*eo'\}m]c%fﬁg{hbh 5% é%&ﬁfgrcﬁm&ﬁﬂ substie§ stifaBlede ffegd a

measur enment h%S once peen I anbnd Ssurtaces appeared.

Interdigital tran de on the dianond | ayer of the dial/Si
PRI ETIR b

waf ers. The rn breaking rates were neasured. The forner
thin Al filns aine

. 0t of . . o
directed to making tﬁ%&vF m%gz:gﬁtgg%gmo%d tﬂ&f&%ﬁsttal_@@ltﬂ L&fif hetdl or nBAmeRA filh

having a high reflection rate for the laser light. The thin film enables the laser scanning

-

surface defect detection apparatus to detect defects or dust on a surface of the diamond, since
the thin film reflects the laser light. The thin film should be made from a metal or non-metal
having a reflectance greater than 50%. The thickness of the coating film is less than 100nm.
The surface of the coating has the same convexities and concavities as the surface of the
diamond, since the coating film is thin enough. The coating layer transcribes the diamond
surface. If the diamond has a surface defect (M), the coating layer has a similar surface
defect (K), as sﬁown in Fig.3(b). Most of the beams are reflected at the coating layer. The
rest penetrating into the coating layer is also reflected at the interface between the coating
layer and the diamond. The material of the coating layer is, e.g., al'uminum (AD), gold (Ag),
silver (Ag), copper (Cu), nickel (Ni) or so. Thin film of the metal has a sufficient reflection
. - rate to the laser light. If the diamond has-defects or dust, the coating layer has similar
| anomalies due to the defects or dust at the same spots. The formal anomalies reflect the
laser beams at random. Then the laser beams are scattered indirectly Ey the defects or dust
on the diamond. The coating layer enables a conventional laser scanning surface defect
detection apparatus to detect defects or dust on an object diamond. Thus, the laser scanning
surface defect detection apparatus can now be used for the estimation of diamond surfaces.
Fig.2 shows a diamond crystal covered by a metal coating layer. The_ coated
diamond is examined with regard to defects or dust by the laser scanning surface defect
detection apparatus. If dust lies on the surface, the dust itself scatters the laser light. The

scattered light arrives at the photomultiplier. The existence of the dust can be surely
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steps were, by chance, alum num coating. But the purposes were different.
The*formerly coated alum numwas elimnated. A plurality of interdigital
transducers were nade by - evaporating or sputtering alum numon the
(dia/Si) wafers, neking a mask pattern by phot ol i t hogr aphy, and etching
the alum numlayer. A plurality of pairs oféi(nterdi gital transducers were
produced on each wafer. The devi ces were am ned by suppl yi ng currents
for searching the el ectrode breaking. The breaking rate was cal cul ated by

of devi Ces. o ERER e RGReCi Ko SR ety oo SR i B
breaking rate | 313 ta rcgcm.tt)mg ar)];exEa ga@%el sr;?nr;tg%memc anomaly as the defect, because the metal layer
" is thin enough. Most of the laser light is reflected at K point, The scattering beam goes
| along KR. A part of the rest is reflected at M point. The scattered beams KR and MI are
E again reflected at some portions lof the integral sphere and reach the photomultiplier. Thus,
the existence of the defect is also be detected by the apparatus. Therefore, the laser scanning
surface defect detection apparatus which is inherently directed to exﬁx;ining Si wafers can
now be diverted to the examination of defects and dust on diamond surfaces by coating the

object diamond with a thin opaque layer.

Diamond films are now examined by the laser scanning surface defect detection .
apparatus. The Inventors discovered that the critical density is 300 particles/cm® of the
surface defect for diamond films by the examinations.” Diamond films which have more than
300 particles /cm® defects shall be rejected for the substrate of SAW devices. The diamond
films with defect density less than 300 particles fen® shall be adopted as a substrate for SAW
devices. The most imporfant factor {3 the surface defect. density for estimating diamond
films as the substrate of SAW devices. |

The surface roughness Ra of diamond films has an influence upon the quality of the
SAW devices in addition to surface defects. The surface should have a surface roughness
lower than Ra 20 nm. In particular, less than Ra 10nm is preferable for the substrates of
SAW devices.  The roughness is the second criterioﬁ for estimating the quality of diamond
films.

_ Another factor is the size of 2 diamond-coating wafer.  Raising productivity requires
a wafer size of more than 2 inches of diameter. Namely, the surface area should be wider
than 19¢m? in the case of a circular wafer.

Inner stress is a further factor for defining a desirable diamond-coated wafer. Ifa
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-:22 - equation which is called "Mirphy's plot". Mur phy's plot is
expressed by Cexp(-DA), where Cis a constant, Dis the defect density and
A:is the area of IDT patterns. This equation nmeans that if the area for
interdigital transducers is wider, the defect density should be smaller
for keeping the sanme yield. It iizét_ general agreenent that if the

defect size (W is larger than a half of t m ni rum pattern width (d),

the yield of the IDTs will decrease. For nmaking electrodes having a width
of 1 [err] mwaférehaset dig dnnegrsyusss, tthemahe materiplsmsilispd qroa pmesgluewgrt@ distorted.
formati on of el ectrodes. Here the "defects" include dust particles and

i nher ent def @istertiohadfitke otheh sulistratedieforms werbendsithevdiamuadridmgithenin a convex or in
measur enent of the nunber of defects larger than 0.5 [err] mfor (dianonhd

waf er) sanpl @scoficdve. | The NefoRsiStid6F Baklagiond fMin fRAGES tie) 1BSdrTigeurdvehlpes Acflight
l:[err] m length X 500 [err] mw dth were fornmed in a spatial period of

1000 [err] ms¥nBR06f feldafh BfbidsBe éifebted Hight RbAY gt SR ArolRh BeSoutiNE anll Forces
wi dth (length) of an individual stripe is™1 [err% m The
a part of the reflected light into the photomultiplier.- Thus, inner stress should be weaker
than 1.5X10? Pg (150MPa=1500bar). Besides, the distortion which is defined as the height
of the center from the surface containing the periphery should be smaller than =40 zm.

' Of course, a pure diamond film is most suitable. But a diamond coated with a thin
carbon is also allowable, since the diamond is directed for a substrate of SAW devices. In
the case, the carbon overcoat layer should be. less than 10nm in thickness. Fig.1 shows the
following requirements for the diamond film for SAW devices in the present invention.

(1) defect density =300/cm’

(2) surface roughness =RalOnm
(3)area = 19cm®

(4) inner stress =150MPa

(5) carbon overcoating =< 10nm.

Instead of a film, a freestanding, homogeneous diamond substrate without foreigri
material substrate is also available. In the full diamond substrate, the thickness of the diamond
crystai‘ should be 100 u m to 2000 xm. The complete diamond substrate makés excellent
SAW devices.

Complex sﬁbstratés having a foreign material, e.g. silicon, substrate and a diamond
film coating the substrate are, in general, made use for the substrate of SAW devices. The
mother foreign material should have a thickness between O 2z m and 2000 pm. At the limit

of O m, the case coincides with the former full homogenous diamond substrate. The

thickness of the diamond film should be more than 1 z m. The mother substrate and the
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di stance between nei ghboring stripes was 1 [err] m Thus, 400 stripes have
a width of about 800 [err] m The total area of a wafer is about

19cnferr] =1900mierr]. One spatial period is 1000 m X 500 [err] m= 0.5
mferr]. About 3800 sets of 400 el ectrode stripes were nade on each di anond
waf er. Then the el ectrodes were exam ned by supplying currents. Sone

et ectrodes turned out to be broken due to the roughness of the di anond
film The number of breaking electrodes-#s counted for every di anond

waf er sanpl e.
- 23 -

The breaking rates were also listed in Table 1.,
diamond film should have a roughness less than Ra20nm. In particular, the surface

roughness of the diamond film preferably is less than R210am.
(6) in the case of a homogeneous full diamond substrate, the thickness should be 100z m to
2000 2 m.
(7) in the case of a diamond/mother complex substrate, the mother substrate thickness should
be Qu m to 2000 x m.
(8) in the case of a diamond/mother cornpléx substrate, the diamond film thickness should be
more than 1 2 m.
(9) the surface roughness of the diamond film or substrate should be less than Ra20nm.
Although many proposals have been discussed and proved that diamond SAW
devices would be superior in the SAW velocity to other materials, diamond SAW devices are
suffering from extremely low yield due to the large propagation loss of the SAW devices
having piezoelectric films upon d?amonds. The low yield resulted from the llack of the
method of a preliminary examination of diamond crystals. Since the property of diamond
films could not be measured, SAW devices made on the property-unknown diimond crystals
were tested, which lowered the- y:i;ld and raised the production cost. This invention provides
an estimation method which can examine diamond films or bulks at a preparatory step of
making diamond SAW deviées. This invention makes the best use of the laser scanniné
sufface defect detection apparatus which prevails in silicon semiconductor industries. The
laser scanning surface defect detection apparatus cannot be employed for examining diamond
surfaces as it is. Preparatory coating of thin films of a metal or another opaque material
enables the laser scanning surface defect detection apparatus to examine the defects of
diamond surfaces. The .examination reveals the density of defects and dust on diamond

films or bulks for determining whether piezoelectric films and electrodes should be made

. upon the diamond samples at a preliminary step. Diamond crystals having defect & dust
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TABLE 1. Roughness Ra(nn), Defect density and Breaking rate of alum num

el ectrodes of sanples Ato J of (dia/Si)-substrates
SAVPLE ROUGHNESS DEFECTS DENSI TY BREAKI NG RATE
OF A NO. Ra (nm (particles cnferr])

EL ECTRODES( %) A 7.2 _ 80

0 % B 8.2 -14- 287

0 % C 7.6 462 .
1.2% D density of more tfan3300 particles cm™ cannot forB1gbod piezoelectric films and good
4.8 % - E 8.9 1431 '
11.3 % igi . Hi efect densi®/&n 300 particles cm™ lowers the
33 8 o f(:gterdxgxtal transducer{9 ?}'%reupon Higher d ?7188 P

;i g ;Z‘: He}d by inviting electzo@.béeaking or other default. ﬂé@%&% surfaces of a defect density

100 % J .9, . exam :
Not nade T}?éfveé'up’fa&caoq &Pﬁﬁ‘fl{%sssc& FQﬁ‘ssartge d‘fxsaﬁgir’\%eo& b:ﬂ/‘\%g‘%’ssfd Zﬁ%me?r? enables
21.9nm Sanple J_had too bi urface, rogughness .Ra=21. 9 ich fo &b
formation of MaAWBEHres o prod %Fné’&ﬁl‘@? gSAVg rﬁd"?‘ﬁil% g%ﬁ%f}h&‘iﬂs%‘? égggﬁ% m
sanpl e C and sanpl e H _have different breaking rates )

piezoelectric films and making interdigital transducers on the diamond surfaces.

oD

e+

Examples of the invention will be described with reference to the several figures of

the accompanying drawings in which:
| Fig.1 is a schematic front view of a diamond crystal having the conditions suitable

for a substrate of SAW devices.

Fig.2 is a section of a sample of a diamond crystal coated with a metal film available
for an examination by a laser scanning surface defect detection apparatus.

Fig.3(a) is a view of a defect on a diamond surface without coating, where a laser
beam penetrates a transparent diamond crystal.

Fig.3(b) is a view of a defect on a diamond surface.coated with a metal film, where a
laser beam can detect the defect by being reflected at the metal surface.

Fig.4 is a sectional view of a laser scanning surface defect detection apparatus which
has been used for examining surfaces of silicon wafers.

Fig.5 is a sectional view .of a Si substrate and a diamond film deposited on the Si
substrate by a microwave plasma CVD (chemical vapor deposition) method.

Fig.6 is a sectional view of a Si substrate and a diamond film po!ished by a diamond
electrodeposited whetstone.

Fig.7 is a sectional view of a sample having a piezoelectric ZnO film deposited on
.the diamond/Si substrate. |

Fig.8 is a sectional view of a sample having an aluminum film coating on the

T&eiww?ef&.e@éﬁw&ﬁsw
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1. 2% and 91. 8% respectively. This neans that the surface roughness is not a
critical factor for determ ning the breaking rate. Sample E with
Ra=8. 9nm shows a good breaking rate 11.3% which is nuch better than a
breaking rate 100% of sanple | of Ra=8.2nm The breaking rates are reyversed
to Ra for sanples E and |I. Sanple H, suffering froma high breaking rate
of 91.8% is useless for the substrate o}3 SAW devi ces. However, a person
who pays attention only to Ra would consider that sanple H must be a good

substrate. Rez&cﬁdgﬁgngslrsgbgtﬁ&l e factor for foreseeing the quality of
el ectrodes forrreof upon he sanpl e. Then, the breaking rates are now

considered in a difg ege§ Wl &Eﬁ&ﬁpq}ufw - of S TRl Bhavely W&d%‘iﬁpﬁraﬁﬂhéﬁi nade by

breaking rate, since’1t has a snmall defect den5| ty of
o L T SR ASKIRL AR & Bl o 1ot cue (o the very

5 Fig.10 is 2 graph of the frequency dependence of S12 of an embodiment SAW filter
of the present invention.. The abscissa is the frequency (MEz) and the ordinate is the electric |
power ratio (dB).

Fig.11 is a graph of the frequency dependence of S11 of the same SAW filter. The
abscissa is the frequency (MHz) and the ordinate is the electric power ratio (dB).

Fig.lZ-'is a gra.pﬁ of the frequency dependence of 522 of the same SAW filter. The
abscissa is the frequency (MHz) and the ordinate is the electric power ratio (dB).

Fig.13 is a section of a particle of dust lying on the diamond surface which scatters
laser beams in random directions.

Fig.14 is a section of a defect which scatters a laser beam.

Fig.15 is a plan view of a part of an example of an interdigital transducer.

Diamond can be synthesized by two methods. One way produces a diamond bulk
crystal from carbon at a high temperature'under ultrahigh pressure. This bulk-production
method is called an ultrahigh pressure synthesis. The other way produces a diamond thin
film on a mother substrate by supplying hydrégen gas, hydrocarbon gas to the mother
substrate, exciting the gas by heat, light or microwave, inducing a chemical reaction of the gas
and depositing the reaction product on the mother substrate at a high temperature under
reduced pressure. This film-production method is called a vapoi‘ phase synthesis. Both
methods can produce both diamond single crystals and diamond polycrystals. This
invention can be applied both to single crystals and polycrystals of diamond.

However, the ultrahigh pressure method can make only a small-sized diamond

crystal. A big diamond wafer of an area wider than 19cm® (2 inches in diameter) can be
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- 24 - Sanple C has still a |low defect density of 462 particles cnjerr]
whi ch suppresses the breaking rate to 1.2% Sanple D has a defect density
of 812 particles cnferr] which is about twice as many as sanple C. The

el ectrode breaking rate is also doubled to 4.8% Sanple F which- has
defects of 2436 particles cnferr] is acconpfé*n_i ed by a high breaking rate
33.8% Sanple G with a defect density 3788particles cnferr] is afflicted
with a high breaking rate 72.3% Despite | ow Ra=7.6nm sanple H has a very

hi gh breaki ng rﬁb@u&a-o&% bl chet wapbh phdsesgRhebisl edd anyglemses,! synthisiddSdiamond crybtals
cnferr]. Wat these results tell is that the nost inportant factor of

e def et dust M oy B e e o8y The | deer Seanming
surface defect gehggd i OfheRRRAJIRMSM film should be polished mechanically or chemically.
This invention makes a diamond crystal shown in Fig.2 by synthesizing a diamond
crystal from materials by the methods, polishing the synthesized diamond crystal and coating
the polished diamond with a thin mectal film of a thickness less than 100am. The diamond
cr}stal is then examined by the laser scanning defect detection apparatus shown in Fig.4,
The metal thin film reflects the laser beams at point (T) to the outlet (U), if no defect exists at
point (T). Hereafter the word "defects” broadly include intrinsic, crystallographical defects,
hillacks , protrusions, concavities and dust particles on a crystal surface in the description.
Geometric defects of the diamond are transcribed to the metal surface as shown in Fig.3(b).
If a defect (a dust particle or an intrinsic defect) lies on the interface between the metal and
the diamond, the laser beams are scattered to somé spots of the integration sphere and are
reflected agsin to the photomultiplier. The photomultiplier senses the defects (dust particles
or inherent defects) at point (T) by an increase of the photocurrent. Scanning the integration
sphere on the wafer reveals the rwo-dimensional distribution of the defects including inher’ent
defects and particles. 300 patticles /em? is the critical value for defect density. Diamond
wafers having a defect density of more than 300 particles /em’® should be rejected. Diamond
wafers of a defect density less than 300 particles /cm® pass the examination, A diamond
substrate with a thin carbon coating of less than 10nm is permitted for a diamond substrate for
producing SAW devices, Preferable roughness of the coating carbon is less than RalOnm,
But less than Ra 20nm is allowable for the surface roughness of the carbon coating.
Preferably the &iamond film should be wider ihan 2 inches in diameter (19cm®) for
the standpoint of the ecanomy of wafer processes. However, SAW devices can be fabricated

on a diamond wafer less than 19 cm? as long as the wafer satisfies the other requirements.
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gives the nost suitable estimation for the surface states of di anond

waf er s. An ideal condition is, of course, 0% of breaking rate.
For 0% of breaking rate, the defect (and dust) density should be | ess than
300 particles cnferr], because sanple B of 0 % has a defect density |ess
than 300 particles cnferr] but sanple C of 1.2% has a defect density nore
than 300 particles cnferr]. Thus, 300 parfifeles cnferr] is the critical
value ruling the break of electrode patterns. The roughness nmust be |ess
than 20nm The roughness, factor for.d ermn n .
breaki ng rate. The ﬁ‘&ﬁﬂ%@gpf é‘é%a“f’ﬁﬁ‘%giﬁc ﬁ1°|xgl°‘fﬂ§§ q%%lgr hio Fig.S.
decreasing the, reakl n el ec;r ode

: .the bre k
patterns is nét 9%@8@8\9’% E“’F‘é)&b‘rlfn@gétalbﬁ‘ﬁdi h)é J‘ﬂé‘r”?i’fgthdgrﬁ?“f@’y U F2AN IS

been no neans for es defe ts of dianond . crystals. The entors
succeeded in &REASHE aE%e REVE N FXURElS ?P%?Q’é[‘éf‘é’a’%’g‘eﬁﬁ%m‘?l%’ H‘é‘th‘f‘&t

F:agglr) ngc\gnmngywel vr;pg}e Eh%.!ic ;ylntlhre];x? pn%thnﬁasﬁ c%mple sho%%tatss srate congmng ort]a silicon
(Si) mather wafer and a diamond film deposited on the ;ilicon wafer by the microwave
plasma CVD method. Si single crystal wafer is the most popular mother board. Of course,
the Si wafer in Fig. 5 can be replaced by a wafer of molybdenum (Mo). nickel (N1), aluminum
nitride (AIN), alumina (Al,0,), gallium arsenide (GaAs) or so. A wafer having a diameter
more than two inches (19¢m?’) is desirable for the viewpaiat of production efficiency.

The synthesized diamond film has a rugged surface having a plenty of concavities
and convexiti;es. Then, the diamond surface is whetted by a diamond-electradeposited
whetstone which is praduced by electrodepositing diamond. powder on a tumn-table. Fig.6
shows 2 dia/Si complex wafer polished and flattened by the diamond-electrédeposited
whetstone. The surface roughness should be less than Ra20nm. Preferably the surface
should be further flattened to a smoothness less than RalOnm. The flattened (dia/Si) wafer
is now terhpora.rily coated by evﬁﬁoration with a thin metal, e, g., aluminum film as shown in
Fig.2 or Fig.3(b) and examined by the laser scanning surface defect detection apparatus of
Fig.4 for searching the defect density. The test clarifies the surface roughness (SRa20nm),
the defect density (2300 particles cm™) and the carbon coating thickness télOnm) of the
object dia/Si wafers. Wafers failing the test should be rejected.

Die/Si wafers which passed the test are employed as substrates of SAW devices.
The metal thin film is removed from the wafer. A piezoelectric film is deposited upon the
wafer, for example, by sputtering.  Fig.7 shows a zinc oxide (ZnO) film for the piszoelectric
film. Other piezoelectric materials, e.g., PZT, LiNbO; and LiTaO, arc also available. A

metal film, e.g., Al film is further formed on the piezoelectric film by sputtering or
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surfacé def ect detection apparatuses whi ch have been widely enployed for
esti'mation of silicon wafers. The new estimation nethod using the | aser
scanni ng surface defect detection apparatus can give a definite

requi renent of dianond filns or bulks suitable for the substrates of SAW
devices. The prelimnary estimati on can prophesy that the object dianond
crystals - 25 - are
appropriate for the substrates for naking Mi-ezoelectric filnms and produci ng
interdigital transducers. SAWdevices should be nade only on the dianond
substrat es whewdpoptiosedFigi¥eshows the AMAZ1@/dia/Sitwalem mPhetolithography atoducas inteedigital
exam nation should be rejected w thout making.

transducers on both sides on a SAW chip by masking the metal film with a resist and etching
of the metal by an etchant. Fig.9 shows the intérdigital transducers formed on the wafer by
photolithography. There are various types of interdigital transducers. Fig.15 denotes an
example of an interdigital transducer which consists of two branches having two reciprocally
facing parallel stripes in a wavelength 1.

[EMBODIMENT 1: defect density and electrode breaking rate]

A SAW device is fabricated by a series of steps of growing a diamond film on a
mother material substrate, polishing the diamond film, depositing a piezoelectric film,
evaporating a metal film on the piezoelectric film and etching the metal film through a mask.
However, the estimation of the diamond should be finished before the formation of the
piezoelectric film. Thus the electrode breaking rate should be measured by forming
interdigital transducers directly on the diamond film without depositing the piezoelectric film
and counting the spots of breaking electrode patterns. If the diamond has a poor quality, the
interdigital transducers would break at many spots. The factor affecting the electrode
breaking rate has been sought by forming an interdigital transducer directly upon the diamond,

measuring the defect density and considering the correlation between the breaking rate and

the diamond film.
1. Growth of diamond films
A 35 m thick diamond film is grown on the silicon wafer of 2 1mm thickness by
supplyihg hydrogen gas containing methane gas of 2 vol% and exciting the mixture gas by the
microwave plasma CVD method. 100 samples are produc:.ed by growing 100 diamond films
- on 100 Si wafers along the same way. The surface roughnesses of the as-grown diamond

wafers are, in general, more than Ral 2 m.

‘(Condition of growing diamond films)
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pLezoeI ectric filns and interdigital transducers (IDT). The estinmation can
save nmuch time, .energy and resources. [EMBCDI MENT 2: Measurenent of
propagation | oss on sanpl es having piezoelectric fil nms] The
previous test tells us that sanple A and sanple B of |ess than 300
defects/cnferr] are immune from el ectrode breaki ng. However the defect
estimation is not sufficient to know the  gerformance of SAW devi ces which
are going to be nmade by depositing piezoerectric filns and el ectrodes on

t he di anond §u€sst_’at es. Then, actual propa%ation | 0ss. ,was ,measured on SAW
devi ces made SBYS®#hosi ting pi ezoel ectric fTIRE WAEEHBIENESS Bkt er s of

sanpl e A and_sanple B which passed the defect test and formng interdigital
transducers &ficromgye gpweloel ectric filnms. NOOEW devi ces were made on
sanples Cto J which failed in the defect test. 1. Formation of

pi ezoel ect ri Mdteriakgas Pi ezoel ect ri ongthamef+ hydrogén a 1038 HnT2H08kness
were formed upon the dia/Si _

flux 50 sccm
Gas pressure 40 mTorr
Temperature(substrate temperature) 800°C
Thickness | 35um

The microwavé CVD made dia/Si complex wafers as shown in Fig.5. The 100
samples were polished by a polishing machine having a diamond whetstone. The polishing
brought about even dia/Si wafers having good smoothness of less than Ra2am and few

i . defects of less than 50 paﬁicles cm? defects which were bigger than 0.5 z m in diameter as
shown in Fig.6. The average thickness of the diamond films was 20um. The X-ray
diffraction pattern was examined by the X-ray diffraction apparatus. The diffraction pattern
revealed an _exiitence of a carbon layer on the diamond film. The thickness of the carbon
layer was les; than 10nm.
2.Deposition of a piezoelectric film

Preliminarily 30nm thick aluminum (Al) films were deposited upon the diamond
films of the dia/Si samples by the DC séuttering method. The aluminum film coating
enables the laser scanning surface defect detection apparatus to e;,xami'ne the surface defects
on the diamonds.

(Condition for deposition of aluminum films)

Aluminum film thickness 30 nm

DC sputtering power 1.0 kW

Reaction gas argongas 50 sccm
Gas pressure 1.0 Pa (7.6mTorr)
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substrét es of sanple A and sanple B by an RF sputtering nethod. (Condition
of formation of ZnO piezoelectric film Substrates

dia/Si wafers: sanple A sanple B Target ZnO
sintered plate RF power ' 500 W (13.56MHz)
Reaction gas Ar+( err] Ar:0 =1:1
gas fl ow 50 sccm (Gas pressure -20- 20.0 Pa
(152mTorr) Substrate tenperature -I50[err] C

Substrate temperature room temperature

Since the Al films cmller the dia/Si samples, the laser scanning surface defect
detection apparatus can detect defects or dust on the diamond films. This apparatus shoots
slantingly the Al-coating diamond film with laser beams, aﬁd- measures the power of the light
scattered from the defects or dust by the photomultiplier(or photomuiti-tube). A defect is an
inherent anomaly but dust is a foreign material lying on the diamond. If the diamond is
smooth and flat with little defects, the scattering light power is weak. If thé diamond is

rugged with many defects, the scattered light power is strong. The defect density at the

‘object point is known by the photocurrent. ~ As shown in Fig.4, since the wafer is moved in

parallel or in spira!, the existence of defects or dust is examined at all points on the wafer. In
the measurement, the bias voltage of the photomultiplier is 550V.

The relation between the size of defect and the scattered light power is preliminarily
determined by the steps of coating a wafer with standard Latex granules of a definite diameter,
measuring the power of the light scattered at the granule, replacing the Latex granules with
Latex granules of another diameter, measuring the power scattered by the i.atex granule again
and searching the relation between the granule sizes of Latex aﬁd the photocurrent.

Here, the purpose is to form interdigital transducers (Ist) of a 1 2 m line width.
The Inventors think that defects with a small size less than half of the width have little
influence on the electrode formation. But defects with a large size more than half of the
width decrease the yield of IDTs. The Inventors considered that the critical size (d) of
defects should be determined as a half (W/2) of the width (W) of interdigital transducers.
For the formation of the electrodes of a 1 u m width, it is important to know the number of the
defects larger than 0.5 u m. Howevér without. microscope observation, the sizes .o_f
individual defects cannot be measured. Thus the defect was identified by employing Latex

standard granules of a 0.5z m diameter. A threshold photocurrent was determined as the
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- 26 - Speed of deposition 5 nm nin Thickness '

1050 nm (1.05[err] m Conplex wafers of ZnO' dia/Si were nade from sanpl es
A and B by the above way. 2. Formation of alum numfilns 80 nm
thick alumnumfilnms were deposited upon the ZnO filns for naking

el ectrodes by a DC sputtering method. (Condition of formng alum num
films) DC sputtering power 1. 02kW Reaction gas

Ar gas gas flow 50sccm ‘Gas pressure
1.0.Pa (7. 6mTorr& . . . "
curredt induced by a standard granule of 2 0.5 £ m diameter. A 0.5 1 m diameter defect will

cause the same increase of the scattering light power.as the 0.5 £ m Latex standard granule.
The scattered light power is calibrated by Latex standard granules, since the size of the
standard granules is unifor;nly determined. Thus the apparatus can sense surface defects
which are larger than 0.5 z m in diameter.

Besides thé diameter d(=W/2), the .depth or height (h) of a defect is another factor
affecting the electrode breaking rate. Here, the critical depth (or height) is determined to be
10nm for a 1 m width electrode. The defects which satisfy d=W/2 and h=10nm should
be detected and measured.

Ten samples were prepared by forming diamond films on ten silicon wafers l_?y a
similar method. Ten samples are symbolized by A, B, C,*--,J. Ten samples were examined
with regard to the surface roughness and the defect/dt:tst number. Table 1 shows the surface -
roughnesses (Ra) and defect numbers of ten samples. The aluminum films were removed,
when the defect measurement has once been done. The diamond surfaces appeared.

Interdigital transducers were made on the diamond layer of the dia/Si wafers. The
electrode pattern Ibreaking rates were measured. The former thin Al films aimed at
measurement of defects. The .présent Al coating is directed to making electrodes. Both
steps were, by chance, aluminum coating. But the purposes were different. The formerly
coated aluminum was eliminated. A plurality of interdigital transducers were. made by
evaporating or sputtering aluminum on the (dia/Si) wafers, making a mask pattern by
photolithography, and etching the aluminum layer. A plurality of pairs of interdigital
transducers were produced on each wafer.  The devices were examined by supplying
currents for searching the electrode breaking. The breaking rate was calculated by dividing
the number of the electrode-breaking deviceé by the total number of deviées.. | The electrode

breaking rate is also shown in Table 1. The breaking rate is given by an experimental
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Substrate tenperature room tenperature Thickness

80 nm This step made further conplex wafers of Al/ZnOdia/Si. 3.
Production of interdigital transducers Interdigital transducers
havi ng the follow ng paraneters were fornmed by elimnating parts of the
al um num | ayer selectively by photolit hogr%ghy. (Paraneters of
interdigital transducers) Line Wdth of FrB4s 0.3 [err] m
(central frequency = 1.75 GHz) Nunber of stripes ' 40 pairs

doubl e stri peseeatilatcht ¥PGlied ARREHHY's 10 q}ﬁ’é"ﬂi’éﬂg% is expressed” P{);éem?ﬁg

wavel engt h str

[ fraglsdjzg-r $ Lebde® is PbanRCoPE NP Aeb BB LR A B kB a1 B SRR Thi
equation means that if the area for interdigital transducers is wider, the defect density should
be smaller for keeping the same yield.

It is a general agréement that if the defect size (W) is larger than 2 half of the

minimum pattern width (d), the yield of the IDTs will decrease. For making electrodes
having a width of 1 ;2 m, the defects larger than 0.5 p m tend to plague the formation of
electrades. Here the "defects” include dust particies and inherenc defects. Table 1, the third
column, shows the result of measurement of the number of defects larger than 0.5 x m for
(diamond wafer) samples A to I. Meandering patterns with 400 electrode stripes of 2 1um
length X 500 z m width were formed in a spatial period of 1000 2 m X 500 £ m on twe inch
diameter diamond wafers. The line width (length) of an individual stripe is 12 m. Tﬁe
distance between neighboring stripes was 1 x m. Thus, 400 stripes have a width of about
800z m. The total area of & wafer is about 19cm*=1900mm?. One spatial period is 1000 4 m
X500 m=0.5mm’. About 3800 sets of 400 electrode stripes were made on each diamond
wafer. Then the slectrodes were examined by supplying currents. Some electrodes turned
out to be broken due to the roughness of the diamoad film. The number of breaking

electrodes was counted for every diamond wafer sample. The breaking rates were also listed

in Table 1.
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Fig. 15 shows the IDT pattern. A unit pattern consists of two sets of
stri‘pe pairs. Two neighboring stripes belong to the sane transducer. Four
stripes construct one : -
27 - wavelength. The width of a blank is equal to the width of a stripe.
The wavel ength is eight tines as long as_t stripe wdth ( [err] =8d).
Thus, SAW.devi ces shown in Fig.9 have been abri cat ed.

Transm ssion | oss and the conversion | oss of the SAWdevi ces were neasured
by a spectrum netABIE. aRILGHAGRSE Réqrﬁ%ﬁ?eea dendi§ aROBRIkIAY rate@fiElumfum@détradRs
applied to one side electrode (electrode 1). The electric power of the
input electrode 1 and the el eCtdfkdiples AtoJof (dia/Si)-substrates

SAMPLE ROUGHNESS DEFECTS DENSITY BREAKING-RATE OF Al

NO. Ra (nm) (particles cm™) ELECTRODES(%)
A 7.2 30 0%
B 8.2 2387 0%
C 7.6 462 1.2 %
D 8.3 812 48 %
E 8.9 1431 11.3%
F 7.8 2436 . 33.8%
G 9.8 3788 72.3%
H 7.6 4689 91.8 %
I - 8.2 6126 100 %
I- 21.9 Not examined Not made

~ The surface roughnesses Ra are dispersed between 7.2nm and 21.9nm.  Sample J . had too big
surface rduéhnws Ra=21.9um which forbade the formationl of interdigital transducers.
Having the same roughness Ra=7.6nm, sample C and sample H have different brea;king rates
1.2% and 91.8% respectively. Thfs means that the surface roughness is not a critical factor
for determining the breaking rate.

Sample E \.avith Ra=8.9nm shows a good bregking rate 11.3% which is much better
than a breaking rate 100% of sample I of Ra=8..2nm. The breaking rates are reversed to Ra
for samples E and I. Sample H, suffering from a high breaking rate of 91.8%, is useless for
the substrate of SAW devices. However, a person who pays attention only to Ra would

consider that sample H must be a good substrate. Ra is not a reliable factor for foreseeing

the quality of electrodes formed upon the sample.
Then, the breaking rates are now considered in a different standpoint. ‘Sample B
enjoys 0% of pattern breaking rate, since it has a small defect density of 287 particles/cm’.

Sample A exhibits 0 % breaking rate due to the very small défect density of 80 particles/cm® .
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power of the output (counterpart) electrode 2, that is, scattering
paraneters were neasured. S 11 is a reflection power ratio which is a
guotient of the reflected power to the electrode 1 to the input power of
the el ectrode 1, when the AC power is supplied to the electrode 1. S22 is
a reflection power ratio which is a quotient of the reflected power . to the
el ectrode 2 to the input power to the el eggrode 2, when AC power is
supplied to the electrode 2. S12 is a transm ssion power ratio which is a

quotient of t\tﬁgﬁ A Mha@'still ¥ §6w et s I&eergitfg? ?ﬁfejﬁaérﬁclké)cﬁh%hiém%%g)rei?%\é‘gﬁe bRaltihg

el ectrode 1, power i's sup ectrode 1.

L SrETL 2SR (A CoED, b A s Ay s

el ectrode 1 td ower : wer

a0 (S12) advairePRiC o Tierestods s sfte TR AT RE. SFuille RV,

LSO M ol SIS0, ADEL SR R3157 RN 8 skt o
with a defect density 3788 particles cm? is afflicted with a high breaking rate 72.3%.
Despite low Ra=7.6nm, sample H has a very high breaking rate 91.8% due to the large defect
density of 4689 particles cm? What these results tell is that the most important factor of
determining_the quality of electrodes is not the surface roughness Ra but the defect/dust
density. Namely, the examination by the laser scanning surface defect detection apparatus
gives the most suitable estimation for the sﬁrface states of diamond wafers.

An ideal condition is, of course, 0% of breaking rate. For 0% of breaking rate, the
defect (and dust) density should be less than 300 particles cm?, because sami:le B of 0 % has
a defect density less than 300 particles cm® but sample C of 1.2% has a defect density more
than 300 particles cm™®  Thus, 300 particles cm™ is the critical value ruling the break of
electrode patterns.  The roughness must be less than 20nm. The roughness is ﬁot a major_
factor for determining the breaking rate. The roughness less than Ra=10 nm is more suitable
for decreasing the breaking rate.

What affects the break of electrode patterns is not the surface roughness but the
defect density. There has been no means for estimating defects of diamond crystals. The
Inventors'succeeded in examining the defect on diamond crystals by coating the object
diamond with a thin metal film and measuring the scattering light in the laser scanning
surface defec.t detection apparatuses which have been widely employed for estirﬁation of
silicon wafers. The new estimation method using the laser scanning surface defect detection
apparatus can give a definite requirement of diamond films or bulks suitable for the suﬁstrates

. of SAW devices. The preliminary estimation can prophesy that the object diamond ciystals
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frequency corresponds to f=v/ [err], where v is the speed of the SAW and
[err] is the spatial wavelength of the interdigital transducer which is a
predet erm ned paraneter, as shown in Fig.15. It is a matter of course that
the transm ssion power ratio is the biggest at 1.78GHz = v/ [err]. The
maxi mum transm ssion power ratio is -0.82dB. The | oss 8.2dB incl udes all
the resistance |oss at electrodes, the bhkateral |oss and the conversion

| oss. The real transm ssion |oss can be Talcul ated by subtracting these

| osses fromthe .t . : . Th LSt LS ;
cal cul at ed toarﬁépﬁgbghac}é?ﬁtrh gé{’%ﬁj%ateeétf?% 3k1§§ ﬁl%gglg‘?hg ﬂg@%%ﬂ %&ukag tnterdigital
- 28 -

transducers. SAW devices should be made only on the diamond substrates which passed the
examination. The samples which fail in the examination should be rejected without making
piezoelectric films and interdigital transducers (IDT). The estimation can save much time,
energy and resources.
[(EMBODIMENT 2: Measurement of propagation loss on samples having piezoelectric films)
The previous test tells us that sample A and sample B of less than 300 defects/cm®
are immune from electrode breaking. However the defect estimation is not sufficient to
know the performance of SAW devices which are going to be made by depositing
piezoelectric films and electrodes on the diamond substrates. Then, actual propagation loss
was measured on SAW devices made by depositing piezoelectric films on the dia/Si wafers of
sample A and sample B which passed the defect test and forming interdigital transducers on

the piezoelectric films. No SAW devices were made on samples C to J which failed in the

defect test.
1. Formation of piezoelectric films

Piezoelectric ZnO films of a 1050 nm thickness were formed upon the dia/Si
substrates of sample A and sample B by an RF sputtering method.

(Condition of formation of ZnQ piezoelectric film)

Substrates dia/Si wafers : sample A, sample B
Target . * ZnO sintered plate
RF power S00W (13.56MHz)
| Reaction gas Ar+0, Ar:0,=1:1
gas flow 50 scem
Gas pressure 20.0 Pa (152mTorr)
Substrate temperature 150
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t hi ckness and a 0.8 [err] mw dth. The bilateral |oss is 6db, because the
power is halved at the input electrode. Fig. 11 shows S11 and Fig. 12
shows S22. The conversion loss is knowmn fromthe loss of the flat regions
of S11 or S22 except f=1.78GHz. The loss is about 0.3dB both for S11 and
for S22. The conversion | oss occurs at both the input and the output

el ectrodes. Then, the conversion loss is 026dB at both el ectrodes. The
sum of the resistance loss, the bilateral |oss and the conversion loss is
7.6dB. The to I 1.78GHz i a@B from S12. The propagation | oss
is only O.6dB s Iegr???gpogﬁl x|’fference Sls)%ltﬁjv\ﬂ/ggn the total |loss 8.2dB and the

sum 7. 6dB of t?§i°}‘€J’?e | osses. 0.6dB 10%0%{‘131@\2;:%‘ )oropagat I on | oss.
0

This is the to ropagation | oss al ong e path fromthe input

ol eotrodes s Bompfetibtles St 2R wellWadt RILRERIATAURLR oy e BB Gh2 O 11

el ectrodes is s'as’l'ong as the wavelength.” - pagati on Ss per
The propagat; oft 18Ee0er SRS Efef i S 2 very Smal i value for Such a1
80 nm thick sluminum films were deposited upon the ZnO films for meking
electrodes by a DC sputtering method.
(Condition of forming aluminum films)
DC sputtering power 1.OkW
Reaction gas Ar gas

gas flow 50scem

Gas pressure 1.0.Pa (7.6mTor)

Substrate temperature room temperature
Thickness 80 nm

This step made further complex wafers of Al/ZnO/dia/Si.
3. Production of interdigital transducers

Interdigital transducers having the following parameters were formed by eliminating
parts of the aluminum layer selectively by photolithography.

(Parameters of interdigital transducers)

Line Width of IDTs 0.8um (central frequency = 1.75 GHz)
Number of stripes 40 pairs double stripes (regular type)
- Aperture of IDTy 50 X wavelength

(wavelength = 8 stripe widths A =6.4 z m)
Distance between the centers of input- and output- transducers 50 Xwavelength
Fig.15 shows the IDT pattern. A unit pattern consists of two sets of stripe pairs.

Two neighboring stripes belong to the same transducer. Four stripes construct one

This is the replacement sheet

Date: 08 me .



hi gh frequency 1.8GH. The | ow propagation |loss is a very conspi cuous
advant age of the SAWdevices of the present invention. Table 1 shows that
sanple A and sanple B are free fromelectrode breaking. Sanple A has a
surface defect density of 80 particles cnferr] which is far lower than the
critical value 300 particles cnferr]. The surface roughness of sanple Ais
Ra7.2nm Sanple B has a higher defect dend7t-y of 287 particles cnferr]
which is still lower than 300 particles cnferr]. Sanple B exhibits the

roughness of g gg‘{?bu?% @é&ﬁ@h%laﬁk@ Equaf ?d;ﬂrﬂla YiBhAFR sRIFA0WaHe WalBleh @ is eight

|nsert|onlosso anples Cto I have definite

Gevi cos. have BBy lanh ot AFDA-aR S £2s0 7ol AT dicas YOI o HHE been

el ectrodes off t he W devi ces are exam ned by electric property
measur enent , Qﬂﬁa al m croscope observation and eI ectron m croscope

observation. Sone SAWdevices are suffering fro gﬁw gde br eaki ngﬁl
Others are i mune firepsmassian losyand,the genyrysioniess o the evices were measured by a

spectrum network analyzer (HP8753c). AC power of 1GHz to 2GHz was applied to one
side electrode (electrodé_ 1). The electric power of the input electrode 1 and the electric
power of the output (counterpart) electrode 2, that is, scattering paraniéters were measured.
S11 is a reflection power ratio which is 2 quotient of the reflected power to the electrode 1 to
the input power of the electrode 1, when the AC power is supplied to the electrode 1. 822 is
a reflection power ratio which is a quotient of the r.eﬂected power to the elect;ode 2 to the
input power to the electrode 2, when AC power is supplied to the electrode 2. S12is a
transmission'power ratio which is a quotient of the power arrived at the electrode 2 to the
input power to the electrode 1, when AC power is supplied to the electrode 1. S21 is a
transmission power ratio which is a quotient of the power arrived at the electrode 1 to the
input power to the electrode 2, when AC power is supplied to the electrode 2.

- Fig.10 shows the transmission power ratio (S12) as a function of ’_the frequency of
signals. The abscissa is the frequency (MHz). The ordinate is the transmission power ratio
(dB). 1.78 GHz (1780 MHz) gives a peak of the transmission power of -8.2dB. The
frequency corres;ﬁonds to f=v/A, where v is the speed of the SAW and A is the spatial
wavelength of the interdigital transducer which is a predetermined parameter, als shown in
Fig.15. It is a matter of course that the transmission power ratio is the biggest at 1.78GHz =
v/ A . The maximum transmission power ratio is -0.82dB. The loss 8.2dB includes all tﬁe
resistance loss at electrodes, the bilateral loss and the conversion loss. The real transmission
lgss can be calculated by subtracting these losses from the total loss 8.2dB. |

The resistance loss is calculated to be 1.0 dB for an electrode stripe of 2 80nm
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- 29 properties of SAWdevices w thout electrode breaking are tested.
All “the sanples of Cto | have insertion |loss higher than 13dB. This
exam nation reveal s bad crystall ographic properties of the piezoelectric
films of sanples Cto |I. The surface defects of dianond filns worsen the
crystal |l ographic properties of the piezoelectric filnms. The bad
crystall ography of piezoelectric filns r_aziss_es t he propagation | oss of the
SAW devi ces made on sanples Cto I. = This invention exam nes
surface defects of diagnp filpp, or_bul ks by caver] t he . obj ect di anond
U f aces ai ¢ h AReTRSSRIR O g Srlgott SEb-DoGYeE the T is SRV dhp
surface defect detection gpparatus. The prelim narg{ exaI[Li nati on can foresee
the properti edput electrode. Fig.11 shows S11 and Fig.12 shows S22. e conversion loss is known
from the loss of the flat regions of S11 or S22 except f=1.78GHz. The loss is about 0.3dB
both for Si1 and for S22. The conversion loss occurs at both the input and the output
electrodes. Then, the conversion loss is 0.6dB at both electrodes. The sum of the
resistance loss, the bilateral loss and the conversion loss is 7.6dB. The total loss for
1.78GHz is 8.2dB from S12. The propagation loss is only 0.6dB which is a difference
between the total loss 8.2dB and the sum 7.6dB of the three losses. 0.6dB is a small
propagation loss.

This is the total propagation loss along the whole path from the input electrode to the
output electrode. The distance between the centers of the electrodes is 50 times as long as
the wavelength. The propagation loss per wavelength is 0.012dB which is calculated by
dividing 0.6dB 'by S0A. The propagation loss 0.012dB/ 2 is a very small value for such a
high frequency 1.8GHz. The low propagation loss is a very conspicuous advantage of the
SAW devices of the present invention. Table 1 shows that sample A and sample B are free
from electrode breaking. Sample A has a surface defect density of 80 particles cm® which is
far lower than the critical value 300 particles cm™® The surface roughness of sample A is
Ra7.2nm. Sample B has a higher defect density of 287 particles cm? which. is still lower
than 300 particles cm®. Sample B exhibits the roughness of Ra8.2nm. Both sample A and
sample B are endowed with low insertion loss of about 10dB.

Other samples C to [ have definite electrode breaking rates and low yields for

| producing SAW devices. SAW devices have been fabricated on samples C to I in a similar
manner. The electrodes of the SAW devices are examined by electric property measurement,

optical microscope cbservation and electron microscope observation. Some SAW devices

are suffering from electrode breaking. Others are immune from electrode breaking. The
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of SAW devices which will be made on the dianond crystals. SAWdevi ces
shoul d be fabricated only upon the sanpl es having di anond surface of snal
defect density, for exanple, |less than 300 particles cnferr]. Here, the
definition of a defect includes the critical size which depends upon the
period of the el ectrodes. Thus, the defect density of the sane dianond is
different for different periods of the el€¥rodes of SAWdevices. Low
defect density dianond filns or bul ks bring about zero or small enough

el ectrode br eakpdides’ G BV kes VitBht fletRfode beeakhigtart Rataion AlL Y sRhpRIGET R
| oss SAW devices can be produced by depositing piezoelectric filnms on the -

:Of"évzgg}‘ ect deRsL lifsiaoAS nigheh Tt 19BN THY Ucdeftnarid FORANCBEE Qffsehiftraphic
properties of the piezoelectric films of samples C to L.  The surface defects of diamond films
. worsen the crystallographic properties of the piezoelectric films. The bad crysfallography of
piezoelectric films raises the propagation loss of the SAW devices made on samples C to L
This invention examines surface defects of diamond films or bulks by covering the
object diamond surfaces with thin metal films and measuring defects by the laser scanning
surface defect detection apparatus. The preliminary examination can foresee the properties
of SAW devices which will be made on the diamond crystals. SAW devices should be
fabricated only upon the samples having diamond surface of small defect density, for example,
less than 300 particles cm®.  Here, ti1e definition of a defect includes the critical size which
depends upon the period of the electrodes. Thus, the defect density of the same diamond is
different for different periods of the electrodes of SAW devices. Low defect density
diamond films or bulks bring about zero or small enough electrode breaking rates when
electrodes are made thereon. | Low propagation loss SAW devices can be produced by
depositing piezoelectric films on the low defect density diamonds and making interdigital

transducers on the piezoelectric films.
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- 30 - CLAI M5 1. A di anond
waf ér conpri si ng: a bul k dianond single crystal or polycrystal
substrate synthesized by —an—ul trahigh pressure synthesis nethod or a vapor
phase depoﬁmmM' a di anond substrate consisting of a di anond
board or a ”m n'goard and a single crystal or polycrystal

di amond fil i syntthed zed «pon the di anond hoard or another material board;.
characteri zed by surface defect density 6P%ress than 300 particles cnjerr]
which is measured by coating the dianond_surface with a thin opaque film
| aunching | aser beans to the coated di arﬁ;rf’dmégrface froma |aser scanning

surface defect detection apparatus for letting the |aser beans reflect at
a surface of the codt#iagond VHeLGXNPASINENt er f ace bet ween t he

a bulk diamond single crystal or polycrystal substrate synthesized by an ultrahigh
pressure synthesis method or a vapor phase deposition method or a diamond substrate
consisting of a diamond board or another material board and a single crystal or polycrystal
diamond film synthesized upon the diamond board or another material board,

characterized by surface defect density of less than 300 particles cm? which is
measured by coating the diamond surface with a thim opaque film, launching laser beams to
the coated diamond surface from a laser scanning surface defect detection apparatus .for
letting the laser beams réﬂect at a surface of the coating film and an interface between the
coating film and the diamond surface, and counting the beams scattered by surface defects or
particles on the diamond surface.

2. A diamond wafer comprising:

a bulk diamond single crystal or polycrystal substrate synthesized by an ultrahigh
pressure synthesis method or a vapor phase deposition method or a diamond substrate
consisting of a diamond board or anothef material board and a single crystal or polycrystal
diamond film synthesized upon the diamond board or another material board; and

a piezoelectric film deposited upon the diamond substrate or the diamond film;

characterized by surface defect density of less than 300 particles cm? which is
measured by coating the piezoelectric film surface with a thin opaque film, launching laser
beams to the coated piezoelectric film surface from a laser scanning surface defect detection
épparaths for letting the laser beams reflect at a surface of the coating film and an interface

between the coating film and the piezoelectric film surface, and counting the beams scattered

by surface defects or particles on the diamond surface.

3. A diamond wafer as claimed in clain_x 1, wherein the diamond substrate is used for
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coating fiI'mand the dianond surface, and counting the beans scattered by

surface d yel es on the dianond surface. 2. A di anond

waf er coam“ﬂljmlmgmmn a bul k di anond single crystal or polycrystal
substrate sym hasi 2edsby+an ul trahigh pressure synthesis nethod or a vapor
phase deposition nethod or a dianond substrate consisting of a dianond
board or another material boa¥d and a singBk-crystal or polycrystal

di amond fil m synthesized upon the di anond board or another material board;
and a piezoelectric filmdeposited upon the dianond substrate or
the di anond fimeking SAW devicesc prymicroeleqtosis devicss haviog wisng qataan and ythe) surfacs s
than 300 particles cnferr] which is neasured by coating the piezoelectric
filmsurface wddfectatot e countediinuerefdefents Having o¥idthg ldrges ahan §0340f theosmatiest idthenf
pi ezoel ectric filmsurface froma |aser scanning surface defect detection

appar at us for | @iringpaudricanddaeing Bttt Bepticsf deegerr tinh 10mA wE heighs highértRanCIOam. NY
filmand an interface between the coating filmand the piezoelectric film
surface, and céunti ngdininendwafesassciaitmed iredlaim 3, wherein roughness of the diamond surface is
| less than Ra20nm.
5. A diamond wafer as claimed in claim 4, wherein the diamond substrate has an area
which is equal to or wider than 19c¢m?®.
6. A diamoad wafer as claimed in claim 5, wherein inner stress in the diamond erystal -
is less than 1.5 X 10" Pa.
7. A diamond wafer as claimed in claim 5, wherein the diamond wafer has a distortion
height of less than =40z m at a center for a reduced diameter to SOmm.
8. A diaﬁond wafer as claimed in claim 1, wherein the diamond substrate consists of 2
diamond board or another material board and a single crystal or polycrystal diamond film
deposited on the board by 2 vapor phase synthesis method, the thickness of the board is 0 to
2000 2 m and the thickness oftﬁe diamond film is more than 1 x m.
S. A diamond wafer as claimed in claim 1, wherein the thin opaque film coating the
diamond surface for estimation is a metal film or a non-metal film of a reflection rate of more
than 50%.
10. A diamond wafer as claimed in claim 9, wherein the metal film coating the diamond
surface ig an aluminum film deposited by sputtering.
11. A method of estimating & diamond wafer comprising the steps of,
‘coating 8 surface of the diamand wafar with a thin opaque film of a thickness less
than 100 nm, launching laser beams to the éoated diamona surface from a laser scanning
surface defect detection apparatus for letting the laser beams reflect ata surface of the coating

“film and at an interface between the coating film and the diamond surface, and counting the
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by surfngt icles on the dianond surface. 3. A di anond

waf ér.—as clained in claim1, wherein the di anond substrate is used for

- 31 - 4
patternH
w dt hs

ﬂ‘m‘\mﬁl ces or mcroelectronic devices having wiring
“‘\ defects to be counted in are defects having
arger % hdh 50% of the. snallest width of W ring patterns and

having ei ther depths deeper than 10mm.or -R8i-ght s hi gher than 10nm 4.
A di anond wafer as clained in claim 3, wherein roughness of the di anond

surface is

|b€§r§s §datereBd9Qihce defects or particles on the diamond surface.

12. A method as claimed in claim 11, wherein the opaque film for coating the d1amond
wafer is 2 metal film or a non-metal film of a reflection rate of more than 50%.

13. A method as claimed in claim 12, wherein the opaque film for coating the diamond
wafer is an aluminum film deposited by sputtering.

14, A diamond surface acoustic wave device comprising;

a bulk diamond single crystal or polycrystal substrate being synthesized by an
ultrahigh pressure synthesis method or a vapor phase deposition method and having surface
defect density of less than 300 particles cm™? or a diamond substrate consisting of a diamond
board or another material board and a single crystal or polycrystal diamond film being
synthesized upon the diamond board or another material board and having surface defect
density of less than 300 particles cm™;

the defect density being defined by d=W/2 and h=10nm, where d is a diameter of a
defect, W is the minimum width of eleétrodés and h is a depth or a height of the defect;

a piezoelectric ﬁlrﬁ deposited on the diamond substrate; and

interdigital transducers produced on the piezoelectric film;

wherein the defect density is measured by coating the diamond surface with a thin
opaque film, launching laser beams to the coated diamond surface from a laser scanning
surface defect detection apparatus for letting the laser beams reflect at a surface of the coating
film and an interface between the coating film and the diamond surface, and counting the
beams scattered by surface defects or particles on the diamond surface,

1l5. A diamond surface acoustic wave device comprising;

a bulk diamond single crystal or polycrystal substrate being synthesiz?d by an
ultrahigh pressure synthésis method or a vapor phase deposition method and having surface
d‘efect_density of less than 300 particles cm™ or a diamond substrate consisting of a diamond
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5. A dianmond wafer as claimed in claim4, wherein the di anond substrate
has “an ar to or wider than 19cnferr]. 6. A di anond
vvafer as ﬁm“nm,ﬂ“l“ EHWS vvherel n inner stress in the dianond crystal

is less thancl. 3 xnl re A di anond wafer as clainmed in claim
5, wherein the di anond waf er has a distortion height of less than 40 [err]

mat a center for a reduced dianmeter to 58Bm 8. A di anond wafer as
claimed in claim1, wherein the dianond substrate consists of a dianond

board or anoibggfd Uﬁ%ﬁééhgﬂ nii?%f’ b3R Endla ”ﬂh@ecé Sh12br @ Blyir%@{sﬁa? éﬂéhﬁrld ‘i‘ihﬁ”&“ﬂk

film deposi on t oar a vapor nt hesi's

i amona 111 mYATRE DROR R %lawqmo KL s A

claim1, wherein t f| | m coating the dianond surface for
esti ITB.tIOI’l |§CQS‘WB‘{Q§?SSft$§“rﬁ%§ Q¢S tMetal filmof a reflection rate of nore

~ the defect density being defined by d=W/2 and h=10nm, where d is a diameter of a

defect, W is the minimum width of electrodes and h is a depth or a height of the defect;

interdigital transducers produced on the diamond substrate; and

a piezoelectric film deposited on the interdigital transducers and on the diamond
substrate;

wherein the defect density is measured by coating the diamond surface with a thin
opaque film, launching laser beams to the coated diamond surface from a laser scanning
surface defect detection apparatus for letting the laser beams reflect at a surface of the coating
film and an interface between the coating film and the diamond surface, and counting the

beams scattered by surface defects or particles on the diamond surface.
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than 50% 10. A di anond wafer as claimed:in'claim9, wherein the netal
filmecoating the diambnd surface is; an alum numfilm deposited by
sputtering. 11. A net hod of estinating a diranond wafer conprising the
steps of; coating a surface of the dianond wafer with a thin
opaque filmof a thickness |ess than 1032 i | gunching | aser beans to the
coated di anond surface froma |laser scanning surface defect detection
appar at us for DEAMOND: WAFER,METHOD OR ESTIMATING uDIAMOND WAFER ANIhg
filmand at an interface between the coating film and the dianond surface,

and counting the DIAMOND SURFACE ACOUSTIC WAVE DEVICE - 32 -

ABSTRACT

Surfaces of diamond crystals are examined by coating the surfaces with thin metal
films, launching laser beams to the diamond surfaces in a slanting aﬁgle, detecting defects and.
particles on the diamond surfaces by the scattering of beams and counting the defects and
particles by a laser scanning surface defect detection apparatus. Diamond SAW devices
shduld be made on the diamond films or bulks with the defect density less than 300 paﬁicles
cm?  Preferably, the diamond surfaces should have roughness less than Ra20nm. Diamond
SAW ﬁltérs ban be produced by depositing a piezoeléctric film and making- interdigital

transducers on the low-defect density diamond crystals.
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beans scattered by surface defects or, particles on the dianond surface.
12.- - A method as clained in claim 11, wherein the opaque filmfor coating
the dianond wafer is a netal filmor a non-netal filmof a reflection rate
of nmore than 50% 13. A nmethod as claimed in claim12, wherein the
opaque filmfor coating the dianmond wafer is an alum numfilm deposited by
Sputtering. 14. A di anond surface acoustic wave device conpri si ng;

a bul k dianond single crystal or polycrystal substrate being synthesized by
an ultrahigh pressure synthesis nethod or a vapor phase deposition nethod
and having surface defect density of I}ESiL n 390 particles cnferr] or a

di anond substrate consisting of a dianp re "anot her material board
and ‘a single crystal or p crystal dianond 11 mbeing synthesized upon
t he di anond board or anot _ ef ™ board and -havi ng surface defect
density of less than 300 particles 6£g§§{]density <300/¢
Carbon layer d<10nm
, S=>19cm
Diamond P 1.5X10BPa

Fig.2

dg%}()ﬂllm
- Metal film ——

Diamond

Fig.3(a)

‘diamond diamond
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the defect density being defined by dierr]W2 and h[err] 10nm where d is a
di aneter of a defect, Wis the mninumw dth of electrodes and his a
depth or a height of the defect; a piezoelectric filmdeposited
on the di anond substrate; and interdigital transducers produced
on the piezoelectric film wherein the defect density is neasured
by coating the dianond surface with a thirm2opaque film |aunching |aser
beans to the coated dianond surface froma |aser scanning surface defect
detection apparatus for letting the |aser beans reflect at a surface of the
coating filmand an interface between the coating filmand the di anond

surface, and counting the beans scat ed by suyface defects or particles
on the dianond surface. 15. A di aﬁﬁ’uq[ gr f.a4 acoustic wave device
conpri si ng; a bul k di anond si ng crystal or polycrysta

substrate being synthesized by an wultrahigh pressure synthesis nethod or a
vapor phase deposition nethod and having surface defect density of |ess

than 300 particles cnferr|Laver stianmdmg suirfiace defanh 46 HRF HFOH IWRARATS

phpotomultiplier
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- 33 - board or another material board and a single crystal or polycrystal
di anond fil m being synthesized upon the dianond board or another nateri al
board and havi ng surface defect density of |ess than 300 particles
cnerr]; the defect density being defined by d [err] W2 and h
[err] 10nm where d is a dianmeter of a defect, Wis the mni rrumvmdth of
el ectrodes and h is a depth or a height of'_EL‘ne def ect;

i nterdigital transducers produced on the di anond substrate; and a
pi ezoel ectric f|In1dep03|ted on the interdigital transducers and on the

Fig.5

Synthesis of diamond by microwave plasma CVD
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Flattening of diamond surface by polishing
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Formation of Zn0 film by sputtering
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Deposition of Al film by sputtering
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Formation of electrodes by photolithography
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substrat e; wherein the defect density is neasured by coating the
di anrond surface with a thin opaque film launching | aser beans to the
coated di anond surface froma | aser scanning surface defect detection
apparatus for letting the |laser beans reflect at a surface of the coating
filmand an interface between the coating filmand the dianond surface, and
counting the beans scattered by surface defMects or particles on the

di anond surf ace.
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